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ABSTRACT 
An extensive literature review has been carried out on the measurement of the main physical, 
mechanical and surface properties of fabrics. 
The use of Fabric Objective Measurement (FOM) in the fields of fabric engineering, fabric 
finishing and garment manufacturing were surveyed. 
The properties which affect the handling of weft knitted fabrics In garment making up were 
studied In detail. 
Methods for the measurement of bending and friction properties employing the Instron tensile 
tester were developed and assessed for accuracy and repeatability. 
A bending test was developed which was found to be unsuitable for single jersey fabrics and an 
altemative test based on the principles of the "Cusick Draperneter" was developed. 
The use of a friction test method, which involved the minimal handling of the fabric samples, 
was described. This test method successfully allowed the fabric-to fabric Coefficients of Static 
and Dynamic Friction to be measured. A wRoughness Factor* was also calculated from the test 
method. 
The highest value for the fabrio-to fabric friction was shown to be In the course-to course 
direction when the back-to back surface arrangement was used. A possible explanation was 
offered for this finding Mich involved the morphology of the fabric surface. 
These test methods were then used to study the effect of the finishing process of a single Jersey 
fabric by the measurement of Its drape and fabric-to fabric friction properties at six different 
Processing stages investigating their influence to the sewability process. 
As a result these tests are offered as an inexpensive, versatile and relatively simple monitoring 
tool for the fabric and garment production industries. 
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There is an increasing amount or weft knitted fabric used in garment manufacture due to the 
expansion of the leisure and sportswear industry and the wide acceptance of these garments for 
casual wear due to their comfort properties and low prices. Traditionally, fine gauge circular weft 
knitted fabrics were used for underwear but their use in T-shirts, blouses, nightwear, dresses etc., has 
made them one of the most important sectors of fabric production. Competition between 
manufacturers Is high, with overseas manufacturers able to offer garment manufacturers cheaper 
fabric but often at the risk of lower quality. Poor quality fabric results In handling problems and needle 
damage during sewing, at which point it is too late to rectify the problem. For vertical factories this is 
not so critical as the fabric can be refinished to obtain optimum processing parameters at a relatively 
low cost. However, most of the production Is completed by CMT (cut, make and trim) units which buy 
fabric from agentstfabric producers and may not realise the inherent fabric problems until production 
begins, thus resulting in increased production costs due to extra handling and subsequent loss Of 
profits. 
Therefore the industry needs consistency of fabric quality within and between batches and the 
Identification of fabric defects before production commences so that appropriate action can be taken. 
This will allow acceptable fabric parameter limits to be set by companies according to the garment end 
use. In order to achieve this, a simple system for testing those parameters Is needed to assist with 
quality control and product development. 
Postle (1989) defined the concept of Fabric Objective Measurement (FOM) as "a necessary set Of 
instrumental measurements on fabrics in order to specify and control the quality, tailorability and 
ultimate performance of fabrid. 
Historically the interest in this area grew when researchers attempted to select the mechanical and 
Surface properties, which could be used for the quantification of fabric handle. The selection of these 
properties and methods for their measurement have long been a source of debate amongst research 
workers In this field and this has resulted In several 'systems! being developed in the search for the 
answer to the problem of quantification of fabric handle. 
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Peirce (1930) stated that in order to measure the handle of a fabric it was " desirable to devise physical 
test methods that analyse and reflect the sensations felt and assign numerical values to the 
measuremente. He recognised that the stiffness I hardness of fabrics was dependent on bending 
length, flexural rigidity, thickness, hardness, bending modulus, compression modulus, density and 
extensibility. In addition to evaluate the surface property of the fabric'stroking' sensations required the 
frictional properties of the fabric to be measured. Much of the later work carded out in this area was 
based on these early recommendations and has also led many workers to extend their investigations to 
include the contribution of properties of fibres and yams to fabric'handle% Peirce described a set of 
physical test methods, which he considered "analysed and reflected human sensations!, other workers 
have employed additional and /or alternative test methods, which they felt also adequately satisfied 
Peirces original descriptor for fabric ' handle. 
Handle or hand is defined as the quality of a fabric assessed by the reaction obtained from the sense 
of touch (Textile Institute 1993). However, the term 'handling' is used in this thesis as a verb to 
describe the transportation and manipulation of fabric during the making up process. 
It must be stressed that this work is not concerned with the subjective 'Handle' or 'Hand' of the fabric but 
with the problems encountered during garment manufacture due to differences in physical, mechanical 
and surface properties of the fabrics. Therefore any reference to 'Handling refers to the fabric 
manipulation within the manufacturing process. Studies show that up to 80% of the time taken for 
seaming operations are due to handling (Methods Workshop Technology (2000)). 
This may be due to the following factors: 
" complexity of the operation; 
" accuracy required; 
" matching of pattern repeats and 
" difficulty of handling due to fabric properties. 
The first three should be consistent for the same operation using the same fabric for the same 
garment style. However if the fabrics exhibit mechanical variability imparted due to their finishing route 
the resultant fabrics will have variable physical, mechanical or surface properties leading to differing 
handling times during garment manufacture. For example, a polyester fabric skirt with a seam 50 cm 
3 
long may normally be sewn in two machine sewing bursts of 20 and 30 cm. However, if the fabric has 
different mechanical or surface properties it may be more difficult to handle and may need to be sewn 
in four shorter bursts with extra time required for additional re-aligning, adjusting, smoothing etc. GSD 
(General Sewing Data) is a clothing industry standard "Predetermined Motion Time Method Study" 
(PMTMS) system and can be used to accurately calculate the extra handling time required by the 
operator for difficult fabrics within the same style run. 
At present knitted fabric producers take few precautionary measures to control or check quality, 
although the STARFISH C! LTARI: as you mean to FIniSH) project was implemented to address this 
issue (Heap and Stevens 1992). However it concentrated on the basic physical properties of the 
fabrics and did not take into consideration their interactive mechanical properties due to: 
" the range and suitability of equipment which would be required; 
" the cost of purchasing instrumentstequipment; 
" training of testing personnel ; and 
" space requirements. 
Garment manufacturers do take limited steps to control the quality of Incoming fabric, but most quality 
assessments are related to the end performance of the fabric, e. g. tests for wash fastness, 
dimensional stability, etc. Fabrics are rarely tested for consistency of quality apart from their basic 
physical properties such as mass per unit area, stitch length, etc. If the results fall within the set 
tolerance limits then these fabrics are usually accepted, and problems due to any Inconsistency in the 
quality between fabric batches due to mechanical and surface properties are not identified until 
reported by spreading, cutting and making up personnel. The Increased use of semi-automated and 
automated machinery has created an even greater need for consistency of fabric quality as these 
machines are often sensitive to changes in the fabdc! s physical, mechanical and/or surface properties 




* To develop appropriate methods for measuring certain knitted fabric properties related to fabric 
sewability where this is understood to include the deformation and interaction between fabrics during 
garment making-up. 
* To test the developed methods for accuracy and reproducibility. 
9 To provide a versatile tool for the gaffnent industry for the monitoring of fabric properties. 
Objectives 
* To examine and critically report the development of existing methods used in the 
measurement of fabric mechanical and surface properties. 
0 To identify knitted fabric! s mechanical and surface properties whose measurement would 
provide a tool for the monitoring of relevant fabric properties in garment producing systems. 
* To develop simple methods based on a standard tensile testing apparatus to measure certain 
knifted fabdc! s mechanical properUes reWed to fabric handling. 
* To test these methods for accuracy and reproducibility. 
9 To refine the developed methods to provide acceptable levels of accuracy and reproducibiffity. 
* To investigate the influence of the finishing processes related to plain single Jersey knitted 
fabdcs. 
* To evaluate the new test methods developed as a measure of the sewability of plain single 
jersey knifted fabrics. 
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2 
REVIEW OF LITERATURE ON FABRIC 
PROPERTIES 
2.1. Background. 
The systems available for measuring the physical, mechanical and surface properties of fabrics are 
many and varied, although many of the modem instruments are based on earlier equipment designs 
but with the advantage of computerised data collection and analysis. However these instruments tend 
to be specialised and relatively expensive and as a result have been adopted by relatively few 
industrial companies, while in contrast research institutes have made use of these instruments. 
Therefore the interest in the use of relatively simple methods, which are inexpensive and which can 
yield sufficient information to be useful to a company, still remains. 
Fabrics can be characterised objectively by their physical, mechanical and surface properties. The 
parameters measured within each property may vary according to the method used and the suitability 
of the method to the fabric structure. These parameters may be further complicated by the anisotropic 
properties and flexible nature of textile fabrics. Low stress mechanical properties are of primary 
importance because they tend to be more appropriate to the conditions created during the manufacture 
and wear of garments. 
The development of objective measurement methods has resulted in several commercial FOM 
systems, which test a range of parameters for mechanical and surface properties. 
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2.2. Physical Properties. 
The physical properties of fabrics are usually easy to measure and only require basic equipment for 
their measurement e. g. scissors, weighing scale, ruler, etc. The fabric properties studied in this thesis 
relate to woven and weft knitted fabrics as these are the types of fabrics and where relevant the British 
Standard test method is utilised. Test standards used outside the UX are not taken into consideration 
unless thought of particular interest to the thesis. 
Any tests, physical or mechanical should be carried out in a standard atmosphere (200C C) and 
relative humidity of 65% +/- 2% with the orientation of the fabric sample stated. 
2.2.1. Fabric Construction. 
Woven fabrics can be identified by their type of weave, e. g. plain, twill, etc. which describes the 
arrangement of the weft and warp threads relative to each other. The sett of the fabric is also used to 
indicate the density of the ends (warp threads) and picks (weft threads). 
The construction of weft knitted fabric (BS5441 1988) should be described by determining the path of 
individual yarns during a complete repeat of a pattern. The pattern produced by the intermeshing of 
loops is typically described by its knitted structure e. g. tuck, Swiss pique, interlock etc. The density of the 
knitted structure is usually given by the quality (tension) i. e. the number of courses and wales per cm, 
and is of great importance, particularly for knitted fabric, where the specification of the finished fabric can 
undergo significant changes during the fabric finishing process. The conditions at which fabric qualifies 
are measured should be quoted, along with a description of the process stage (e. g. geige, scoured, dry 
relaxed etc. ). 
The tightness factor(calculated from the loop length and the yam linear density) Is also a convenient 
parameter to use Wien specifying knitted fabric properties. 
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2.2.2. Mass per Unit Areall-ength. 
Fabric mass is usually expressed as 'mass per unit ared (e. g. 160gnf2) or 'mass per unit length' 
(1 6grrf) (BS 24711978). The traditional term to describe cloths was referred to as their running yardage 
e. g. 16oz worsted, with the standard width from the loom being e. g. 36,48 or 45 inch wide. 
As the mass per unit area is a fundamental property used in other parameter calculations the effect of 
moisture content should be considered, especially for natural fibres, and weighing should take place in a 
standard conditioned atmosphere, or by using the oven dry weight of the sample and adding the official 
regain. 
2.2.3. Thickness. 
The thickness of a single ply of fabric Is a fundamental physical property and is often required for the 
calculation of other fabric parameters. However, accurate measurement can be ambiguous due to 
different thickness. Hallos and others (1990) described the thickness as 'geometric thickness' under a 
given load. Measuring the thickness of a rigid material Is relatively simple as the external surfaces of the 
material have clearly defined boundaries. However with flexible fabrics these boundaries can change 
with variation In lateral pressure. Therefore this may involve the use of dedicated or complex 
instruments, which involve the use of pressure limb (parameters) at which measurements are taken. 
The pressure parameters used for the measurement of fabric thickness will depend largely on the type of 
instrument used. Most instruments offer the operator a range of parameters and the most appropriate is 
chosen. To avoid confusion and to standardise tests, certain calculations or formulae may necessitate 
the measurement of the thickness of a fabric under a certain pressure. The thickness of a textile fabric is 
usually measured using a contact method (BS 2544 1987), although with more recent systems contact- 
less methods are now possible. 
2.2.3.1. Contact Methods. 
A force is applied laterally to the specimen and the thickness, at a given force, is recorded. The area Of 
fabric to which the force is applied should be specified so that the pressure can be calcuWed. A fabric 
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which may appear thick when handled may measure, Men under pressure, the same thickness as a 
thin fabric. Therefore the pressure under which the measurement is taken should always be recorded. 
One of the earliest contact methods used for measudng the thickness of a single ply used a micrometer 
with a range of contact plates of vadous sizes (Peirce 1930). The effect of pressure on the 
measurements was studied in detail and the 'edge effect! was reported as one of the disadvantages of 
this method. It is sometimes necessary to measure the recovety of a fabric from a known pressure and 
this is usually dependent on a time factor. BS2544 (1987) uses a dead weight dial gauge instrument with 
a circular presser foot for testing thickness and recovery. This test method is time consuming and the 
readings should be taken within strict time Intervals. Pilkington (1989) produced a pressure thickness 
instrument for textiles which automatically recorded the thickness at different pressures and produced 
recovery curves. 
2.2.3.2. Non Contact Methods. 
The thickness of fabrics with a raised surface is very sensitive to changes in pressure. De Jong and 
others (1986) employed microscopic methods of thickness measurement to show that the compressibility 
of woven outerwear fabrics is due to a compressible surface layer and a relatively incompressible Inner 
fabric core. This study produced a pressure-thickness equation which would allow compression 
parameters to be obtained from a standard thickness tester. Other parameters associated with thickness 
are bulk, hardness, compression and recovery. 
2.2A. Bulk. 
The parameter 'bulk' Is often associated with thickness and compression. The only relevant British 
Standard test for bulk being the 'Brass Bobbin' test which was only suitable for the determination of the 
bulk (specific volume) of yams and has now been withdrawn as a British Standard test. Bulk was also 
considered as a contributor to the sensory indicator of handle and Is often used as a sensory form for 
describing thickness. Brand (1964) suggested that bulk had two separate properties -one aesthetic and 
one technical. Brown (1983) further attempted to identify the fabric properties which contributed to bulk. 
A set of fabric properties were measured and were assessed against the sensory perception of bulk. An 
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I nstron tensile tester was used to measure the 'steady state! thickness; at a pressure of 0.11 and 4.4 psi 
and it was concluded that "more experiments were needed in order to fully understand the relationship Of 
sensory and physical measurements of an apparently simple fabric property". 
Hallos, and others (1990) calculated the bulk of a fabric in terms of specific volume (SV) where SV = Ilp 
(where p= fabric density (g/60) and p= m/T where ffr- mass per unit area (gflcrW) and T= thickness 
(cm). The value of T being dependent on the pressure under which this measurement is taken. 
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2.3. Mechanical Properties. 
The mechanical properties of fabrics involve the measurement of the reaction of fabrics to some form of 
external manipulation (e. g. crushing, stretching, bending, draping, etc. ) and it is Important that the 
conditions under which this manipulation occurs is clearly stated. 
Different instruments may use slightly different parameters for testing although the methods May be 
similar. The sampling method, size and the condition of the test specimens are also important as this can 
greatly affect the results. Certain instruments can only take measurements with a limited number of 
analysis parameters, while others may be capable of continuous measurement over a range of 
parameters. The former type of Instrument Is probably more suitable for Industry which may require the 
results as a part of a quality control process. The latter type of instrument is usually of more interest to 
researchers who may use the wider range of parameters In their Irwestigations to provide new 
knovAedge to the industry. 
2.3.1. Compression and Recovery. 
The textile parameter of compressibility is usually envisaged based on Van Wyks (1946) model for 
fibrous assemblies. Bogarty and others (1956) attempted to find a mathematical equation which would 
allow fabric compression to be calculated over a wide pressure range. This becomes quite complex as 
the range of fabric types, construction, properties of component yams, etc. can affect the compressibility 
of fabrics. Hallos and others (1990) developed other compression parameters 'Hardness! and 
Compression Recovery. 
The utilisation of multiple plies of fabric has led to compression becoming an important factor. Price and 
Clapp (1992) developed a model that allowed the prediction of fabric stack thickness based on single ply 
fabric compression characteristics. 
2.3.2. Tensile. 
Booth (1968) stated that when students are asked, "Why do we test texctilesr the usual answer Is "To 
find out how strong they are*. He continues to state that "strength and, implicitly extension properties, 
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are commonly regarded as the criterion of quality". This view is reflected in many papers which have 
been published subsequently on the mechanical properties of fabric. 
The most widely used tensile test is based on the stretch and recovery properties of fabrics (BS4294 
1968). This test recommends rates at which the load should be applied to the specimen. It also offers 
a choice of tyvo loads (3kg and 6kg), these being dependent on whether the low or high stress 
properties of the fabrics are required. 
There are many types of tensile instruments available, all of which are capable of measuring load and 
extension, but use slightly different methods to apply a tensile force to the specimen (e. g. constant 
rate of extension, constant rate of loading, etc. ). Tensile parameters may Include strength (BS 2576 
1986), extension (or tensile modulus) and stretch recovery (or residual extension). 
Grosberg in Heade and others (1977) stated that woven cloth Is anisotropic and has a modulus that 
varies considerably with strain. The first part of the load-displacement curve for the extension of woven 
fabric in the warp or weft direction is mainly due to the removal of the crimp and the latter part is due to 
fibre extension and yam compression, however for knitted fabric there is a greater degree of extension 
at low loads. The opinion Is offered, and supported by most researchers that strength and extension 
parameters are of limited value when considering the process handling characteristics of fabrics 
unless used in the calculation of more appropriate parameters e. g. formability. 
2.3.3. Bending. 
The contribution of bending properties to the stiffness of fabric was studied by Peirce (1930) 
employing the cantilever principle which Is based on the theory of elasticity and assumes the fabric to 
be a uniform thin lamina. The instrument developed for these studies was the 'Flexometer and, in 
modified forms, has been the main method used for fabric bending until the last two decades. The 
instrument requires a fabric specimen, in the form of a rectangular strip, to be supported by a 
horizontal plafforTn. One end of the specimen is traversed over the edge of the platform and allowed 
to hang under its own weight - the length of overhang being dependent on the stiffness of the fabric 
specimen. From the length of overhang (1) and the angle (0), the bending length and flexural rigidity 
can be determined (Figure 2.1. ). 
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Figure 2.1. Cantilever Principle (Booth 1968) 
Peirce stated that " the length of overhang should be chosen to give a deflection in the range of 0-30 
degrees". To keep the specimen deflection within this range for fabric of varying stiffness; properties, 
Peirce suggested using different specimen shapes and dimensions including rectangular, circular, 
triangular and pear loops. The calculation for the determination of the bending length for each shape was 
defined. Abbott (1951) recommended a deflection within the range of 40-50 degrees. The lack of 
information about the effect of the length of overhang on the bending length led him to suggest that a 
simpler system could be based on a 'fixed angle flexometer in which the angle of overhang was 
predetermined and the length of fabric overhang is measured. In order to find the optimum angle for a 
wide range of fabrics he calculated the bending length using equations developed by other workers. 
Chu and others (1950) had suggested using a convenient angle at which the bending length would be 
half the overhang length i. e. cA = 0.500. From the calculations based on Peirce's data the angle was 43 
degrees. This was within the range calculated when the bending length was most constant (i. e. 40 -50 
degrees) however, Abbot used previious data from another researcher which gave an angle or 41 
degrees. The angle of 41.5 degrees was finally accepted and Is still used today for the Flexometer 
method of determining the stiffness of fabric. Probably the best known flexometer Is the Shirley Stiffness 
Tester which uses a rectangular specimen size of 2.5cm x 20 cm. Multiple specimens must be prepared 
and measured in the warp and weft directions and both the face and reverse of the fabric are measured. 
The variability between results can be quite high and the method cannot therefore be recommended for 
Inter4ab comparisons, nor is it suitable for comparison between fabrics of differing structures (e. g. woven 
and knitted) as some fabrics may be "stabld" while others can cud and contort, making measurement 
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impossible. For these problem fabrics it is recommended that methods be used employing larger 
specimens which have both ends constrained. 
Cooper (1960) used the canUlever method, along with the Cadene loop test for measuring bending of 
yams for the determination of the flexural rigidities of fibres in yams and fabrics and concluded that "the 
stiffness of a fabdc may vary with the direction of bending but for most purposes measurement along 
warp, weft and one other direction are sufficient to describe it' 
The cantilever method makes it hard to estimate when the overhang has reached a fixed point due to 
the creep of the fabric. This method was modified in the FAST-2 (Bending Meter) instrument in the 
FAST system. The operator error in aligning the sample during measurement is reduced by the use of 
an optical sensor. 
Postle and Mahar (1982) listed 7 fabric bending testers and welcomed the design and convenience of 
the KES-F equipment and cdticised the "cumbersome modifications' required to large tensile testers 
for the measurement of fabric bending properties. 
2.3.3.1. Pure Bending Method. 
Isshi (1957) produced a trial apparatus based on thepure bending' principle where a bending moment is 
induced by a single couple. The method was suitable for fibres, yams and fabrics. It Involved securing 
the specimen between two clamps, subjecting the specimen to Increasing curvature and measuring the 
applied bending moment. Eeg-Olofsson (1959) produced an instrument based on the same principle 
during his work on measuring the mechanical properties of viscose rayon fabrics. 
Uvesey and Owen (1964) described an instrument which measures bending under approximate 
constant curvature conditions. One end of a specimen is rotated about a horizontal axis while the other Is 
attached to a small weighted arm which Is deflected from the vertical as bending takes place. Only a 
small sample is tested and the authors suggested that 40 - 50 readings should be taken for each sample 
to obtain a hysteresis curve which proved to be tedious and time consuming. A variation of this bending 
hysteresis tester was described by Owen (1966) which allowed the hysteresis curve to be plotted on a 
I nstron Tensile Tester. 
is 
2.3.3.2. Hysteresis Curve. 
The study of the hysteresis curve produced during pure bending offered invesfigators the opportunity to 
study the bending behaviour of woven cloth. 
The bending rigidity, (B), of the specimen is found from the equation 
B=MO 
where M is the bending moment and 0 is the radius of curvature. Using this equation B can be found 
directly thus avoiding complicated computations. The face and the reverse of the specimen can be bent 
without the need to remove and replace the specimen. The original method involved taking readings 
every 30 seconds, time effects on bending however can produce inaccuracies. This method produced a 
hysteresis curve which gave detailed information about the bending behaviour of fabrics and allowed the 
isolation of bending parameters. Grosberg (1966) showed that in the initial linear region friction plays a 
dominant role. This results in high bending rigidity until the fibres are moving freely relative to one 
another in the linear region. Work carded out by Ly (1985) showed that this was not true in all cases and 
suggested that even In the linear region, friction can still prevent some fibres from moving relative to 
each other which agreed with earlier work by Platt and others (1959). This method was compared to the 
cantilever test by Grosberg and Swan! (1966 Part IV) for the measurement of the frictional restraint and 
it was suggested that this parameter is of considerable practical importance. 
The hysteresis curve was analysed and it was concluded that the resistance to bending Is made up of a 
visco-elastic component (also known as flexural or bending rigidity) and a non elastic component known 
as the frictional rnoment (or coercive couple). This research opened up exciting new opportunities for the 
fundamental study of bending. Most work concentrated on woven fabrics, however, this principle was 
found to be suitable for knitted fabrics although the hysteresis loop was found to be asymmetrical and 
new parameters had to be defined. Popper and Backer (1968) refined this method to develop a 
measuring instrument capable of the continuous reading of the moment of curvature. 
Davies and Owen (1971) used the cloth bending hysteresis tester for studying the bending behaviour of 
warp knitted fabric and introduced additional fabric parameters applicable to knitted fabrics e. g. curling 
couple, natural curvature, etc. Chapman (1974,1975) further used the same type of Instrument but 
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applied principles which were employed in Nis earlier work on fibres to study the contribution made by 
the visco-elastic effect of fibres on the hysteresis curve. 
Hamilton and Postle (1974) similarly used the apparatus developed by Chapman to study the bending 
and recovery properties of weft knitted fabrics and suggested that four parameters were required to 
describe bending behaviour of weft knitted fabrics (flexural rigidity at positive and negative curvature, 
hysteresis at zero curvature and the curling couple). This was then followed by a study of the bending 
and shear properties of wool fabric with different tightness factors and run in ratios (Hamilton and Postle 
1976,1977). A method was also presented for measuring the curling couple of an unrelaxed knitted 
fabdc using the bending hysteresis curve. 
Gibson and Postle (1978) used the same apparatus to analyse the bending properties of a range of 
unfinished and finished woven and knitted fabrics and these were correlated against fabric physical 
properties. 
The pure bending method is employed in the KES-F system for measuring the bending properties of 
fabrics where the limits between which the slope of the linear region (bending rigidity) of the hysteresis 
curve is defined on the KES-F system are 0.5cfff 1 and 1.5crTfl and the coercive couple (hysteresis of the 
bending moment) is taken at 1.0crTfl zero curvature. 
2.3.3.3. Altemative Methods. 
Other methods based on the folding or flipping of fabrics have been devised by workers anxious to find 
an alternative simple method to the cantilever which would be suitable for fabrics which are easily 
deformed and which would yield results which gave good correlation to existing methods. 
The hanging heart was offered as an alternative method by Peirce (1930) for very stiff fabrics. Stuart and 
Baird (1966) described a simple method which involves a strip of fabric being bent back on itself, the 
loop height formed being proportional to the stiffness of'the fabric. This principle was used by other 
workers (Cassidy 1991) for the measurement of knitted fabrics which have a tendency to cud and twist. 
Shinohara and Musha (1980) utilised the Clarke method Mich is a modified type of heavy cantilever 
system. This method is used to theoretically analyse the relationship between the angle of rotation and 
the hanging length. This simple test Is offered as an alternative to the cantilever method although it yields 
values typically 10% lower in magnitude. A novel method based on the cantilever method Involves the 
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use of a faller bed as a supporting platform which can be used for fabrics, slivers, rovings or yams 
(Russell 1994). 
The sWhess of fabric measured by the circular bend method (ASTM D4032-82) involves forcing a flat 
folded fabric swatch of fabric through an orifice using a manual or pneumatic plunger. The ma)dmum 
force is an Indication of the resistance to multidirectional bending. The method claims to be suitable for 
all types of fabric, bid although it Is a quick and cheap method suitable for comparative studies it Is 
unsuitable for detailed measurement of bending properties. 
Zhou and Ghosh (1997) studied four static loop shapes which could be used under dynamic conditions 
to develop an on-line system for measuring bending rigidity. A relationship was found between the bent 
loop shape and the raflo of fabric weight per unit area to Its bending rigidity and suggested that two of the 
loops where both ends of the fabric were secured showed the nvyA sensitivity to a range of fabric 
stiffness and were the most suitable for adoption in an on-line system. 
2.3A. Shear. 
Shear has been defined as large deformations produced from small stresses Mich after the angle 
between the warp and weft (Momer and Olofsson 1957). A hysteresis curve for shear resistance can be 
produced utilising an Instron tensile testing machine. 
Go et al (1958) developed an Instrument which was used to observe the dynamic shear deformation of 
fabrics and concluded that for a small degree of shear deformation there Is no relative sliding between 
warp and weft yams at crossing points NA for large deformations the warp and weaft yams begin to slide 
across each other. Cusick (1961) used the apparatus developed by Mawr and Olofsson to study fabric 
shearing as part of his study of drape. The effect of tension on the specimen was measured and a model 
was produced to explain the shape of the hysteresis diagram. Undberg (1961) proved that shearing 
contributed to the complex deformation In buckling. Behre (1961) used two methods to measure shear, 
one utilised an Instron which produced a hysteresis curve, the second method was a simple instrument 
which could be used as a routine tester for Industry. 
Treloar (1965) studied the effect of specimen shape and dimension on shear properties and compared 
the Momer and Eeg-Olofsson method with BMWs method. Spivak and Treloar (1968) studied the 
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relationship between bias extension and shear for plain woven fabrics and concluded that the shear 
deforrriation cannot be predicted from the bias extension, but still could be used as a rough estimate. 
Yanagawa and Kawabata (1973) analysed the shear deformation of warp knitted fabrics and construcited 
a theoreical model for the stretching of warp knit fabrics. 
In 1974 Carnaby and Postle used a shear deformation system for measuring the shear of weft knitted 
fabrics, while Stewart and Postle (1974) extended the investigation to study the effect of felting on the 
shear properties or knitted wool fabrics. Shear measurements of knitted fabrics in a dry relaxed state and 
fully relaxed state showed that fully relaxed knitted fabrics exhibited less anisotropy than comparable dry 
relaxed fabrics. 
Hamilton and Postle (1976) described an instrument which produced a shear hysteresis curve for knitted 
fabrics from which shear rigidity and coercive shear force could be calculated. They recomrT*nded that 
knitted fabrics should be measured under conditions of constant tension and 'equal length sides% As weft 
knitted fabrics have a tendency to cud, a jig for mounting the knitted samples was produced. The 
apparatus was used by Gibson and Postle (1978) to study the shear properties of a range of weft, warp 
and woven Wer-wear fabrics. The effect of finishing was shown to be much less for shear than for 
bending particularly for knitted structures. The results produced were used to construct a 2D fabric chart 
based on the frictional resistance of the fibres to bending and shear deforrretion. 
Dhingra and Postle (1979) measured shear properties of warp knitted outer wear fabrics using a modified 
version of the TNO device. The found that the shear properties were largely dependent on the inherent 
nature of the fabric construction. 
In 1990 Bassett and Postle observed that woven fabrics conform to three dimensional shapes mainly 
thmugh shearing, however for knitted fabrics, extension due to its construction, makes the most significant 
contribution to the fabric deformation. 
Pan and Mang (1997) used a novel method of measuring in plane shear on the Instron for a range of 
fabrics (woven, non-woven) and paper. They were Interested in shear strength as opposed to shear at low 
loads. The load - elongation curves for both tensile and shear were compared and the relationship 
between the anisotropy of fabric tensile strength and the tested and predicted shear strength was 
investigated. 
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Hu and Zhang (1997) pointed out that the KES-F shear test does not subject fabric to pure Shear 
deformation and they presented an analytical solution for shear stresses and strains in a fabric using finite 
element analysis to establish a method for determining a correct shear stress - strain curve and modulus 
based on the KES-F shear test. 
The TNO shear tester (automated version of )ATNO fabric shear angle tester) which can measure shear 
hysteresis was correlated with the KES-FB1 instrument and was found to have a value of 0.99 
2.3.5. Plate Buckling and Shell Buckling. 
Plate buckling is the deformation out of the flat fabric plane and shell buckling Is the buckling of cýlinders, 
spheres, etc. 
Dahlberg (1961) gave Euler's equation for the buckling of a bar supported at both ends as 
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where b is the bending stiffness, I is the specimen length and P Is the budding load. Since In-plane 
compression occurs before budding takes place then it is easier to measure the In-plane compression 
than the budding load. 
Dahlberg also described a method for measuring plate and shell budding on the Instron Tensile Tester 
using straight damps for plate budding and corrugated clamps for shell buckling and discussed how 
these clamps could be used for measuring extension and compression in the plane of the fabric. 
Lindberg and others (1961) utilised this method to analyse 66 commercially produced fabrics and from 
the results concluded that shell budding is dependent on the plane buckling load and the shear angle, 
and defined 0 as the pre-budding formability of the fabric. Grosberg and Swani (1966, Part 3) analysed 
buckling using the non4inear bending behaviour of the fabric. Grosberg and Swani (1966, Part 4) used 
Dalberg's budding test to compare the cantilever and buckling methods and found that the budding test 
gave more consistent and reproducible results as the specimen is under control during bending. They 
stated that "the cantilever method is more suitable for rapid evaluation of the bending parameters of 
Cloths with small frictional restraints while the buckling method is more suitable for the rapid 
measurement of the parameters of cloths with large constraintsr. 
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Hamilton and Postle (1973) also used the I nstron Tensile Tester to study the budding of weft knitted 
fabrics and produced a special device for mounfing the samples which was used to prevent deformation 
of the sample during loading. 
Amirbayat and Heade (1989) modelled fabric budding using dimensionless groups on inner areas Of 
double curvature and outer areas of pure single curvature. However they concluded that this method is 
approximate as fabric buckling is highly anisatropic, non-linear hysteretic and time dependent in 
response. 
Amirbayat (1991) studied the factors affecting the buckling of flexible sheets under tension that occurs 
when external loads are unevenly distributed (external longitudinal tensile strain) and Amirbayal: and 
Bowman (1991) presented results for eighteen suiting fabrics based on the same method and showed 
that the important factors in budding under tension were the ratio of the bending stiffness to the In-plane 
modulus, the Poissons ratio and the fabric dimensions. The bias direction of the fabric was also tested 
for buckling under low tensions and the results supported Undberg's finding that formability is dependent 
on the maximum compression a fabric can take up before its buckles. (Undberg and others 1960). 
Formulae for the budding of knitted fabric were produced by Shinohara and others (1991). They showed 
that there was a difference between the types of pattern produced when knitted and woven fabric shells 
were budded - knitted fabric shells producing bellow type patterns while woven fabrics produce diamond 
type Patterns. Mathematical models representing buckling deforrriation based on a larger range of 
budding patterns were proposed. 
2.3.6. Drape. 
Drape has been described as "the deformation of the fabric produced by gravity when only part of it Is 
directly supported" (Peirce 1930). The draping of a fabric tended to be qualitative and is seen as the 
fabdc! s ability to form itself into folds or pleats. However the measurement of the resultant defonTiation 
cannot be easily predicted from the properties in the two main directions of orientation and the 
multidirectional bending of fabrics under their own weight is more realistic for the measurement of drape. 
Methods were developed which allomed the simultaneous interaction of fabric bending in all directions to 
be evaluated. 
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Fabrics are more complex than many other rigid two dimensional sheet materials as they have the ability 
to deform in-plane (shear) and oLd-of-plane (buckling). Thus the draping properties of fabrics are 
dependent on a complex combination of the elastic and frictional components of the flexural and shear 
rigidity of the fabric. 
There has been much interest in drape, not only because of its relation to fabric handle Mich would help 
in the development of automatic handling operations for garrnent production but would also aid designers 
to visualise the aesthetic appearance of fabrics on three dimensional forms on a computer screen. As the 
proem of sample make up is time consuming and expensive there is great pressure on researchers to 
link the fabrics physical and mechanical properties to a realistic computer simulation of garrnents. As the 
age of the 'compLAer catwalk' unfolds this property will form the basis for the simulation of dynamic 
movement of fabrics on a model. Although methods already existed for distorting the fabric In two 
dimensions this does not simulate fabric which is formed into 3 dimensional folds or pleats. A fabric may 
be required to form folds to achieve the desired end appearance or afterriatively a fabric may also be 
specially chosen because of its poor draping property. 
Chu and others (1950) observed the way that fabric was displayed In shop windows on circular pedestals 
to attract the customers attention to the draping Properties of the fabric and therefore a test instrument 
which was capable of deforming the fabric In a similar three dimensional manner was necessary. The 
'FRL Drapemeter` was an optical instrument and consisted of two small horizontal discs of the same 
diameter mounted on a central shaft, between which a larger diameter circle of fabric was centrally 
sandwiched. The shaft was then raised until the outer annular ring of fabric draped under its own weight. 
The shape of the draped fabric cast onto a ground glass sheet by a lens was recorded using a lens and 
Photocell arrangement. The term "Drape Coefficient7 (DC) was introduced which was defined as the 
percentage area of the annular Ong covered by the projected shadow of the fabric. A high DC meant that 
little draping was taking place. The advantages of this method were numerous although a minor problem 
was that it produced errors when measuring translucent fabrics and the mechanical conditioning of the 
sample produced different values of DC. Nevertheless this test method did allow the correlation of the 
drape coefficient with sutiective test methods. Chu and others (1960) also found that the DC varied with 
sample size as well as the diameter of the support discs and concluded that drapeability was dependent 
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on three factors; Young! s Modulus, cross sectional moment of inertia and weight. It was also found that 
the number of nodes correlated directly with the drape coefficient for a given test condition NA this was 
not true when conditions were varied. 
Cusick (1968) tested the hypothesis that the drape coefficient was dependent on the shear and bending 
properties of the fabric by using the previously described method. His investigations led to the 
improvement the instrument by using a parabolic mirTor to cast the sliadow. This instrument known as the 
Cusick Drape tester is used for the British Standards method, BS5058: 1973, for the determination of 
drape of fabrics. 
The procedure of cutting and meighing the shadow cast by the drape under test can be rather tedious and 
is heavily dependent on the operators ability to trace and cut accurately. To eliminate these errors the 
method was later improved by mounting a CCD camera above the Instrument and using Image analysis 
to calculate the area of shadow projected by the fabric and this has been successfully used to examine 
the effect of time on the DC of the sample (Vangheluwe and JQekens 1993). Findings from this 
investigation showed that the DC was affected by time and therefore a recommended test time should be 
given for reproducible results and a theoretical model offered. As this test method Is used mainly for the 
comparative study of the stiffness of fabrics, the comWerised version has little value outside of the area 
of research due to its cost. 
In 1983 Iwasaki used theMo! W photography technique to calculate the height and width of the lines on 
each node and the area enclosed by the Moire line calculated for warp knitted fabric. 
Dynamic drape was studied by Izumi and Niwa (1985) - where they used specially adapted bending and 
shear apparatus to study the dynamic bending and shear properties of the fabric. Stump and Fraser 
(1996) offered a simplified model of fabric drape based on a3 dimensional ring theory, which Involved the 
measurement of the energy content of the nodes produced by the projected shadow of the draped 
specimen. 
Hu and Chan (1998) studied the relationship of the drape coefficient to the 16 mechanical properties 
measured on the KES-F system and eight parameters had significantly high correlation coefficients with 
drape coefficient. Heade and Amirbayat (1988) measured drape on the their multi-purpose fabric tester 
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with the projected length of overhang of a circular draped specimen being measured and the projected 
area calculated without the need to trace, cut and weigh paper. 
Collier and others (1991) similarly refined their system using a photocell to detect the area of the shadow 
cast and used finite element mesh to analyse draping behaviour of a circular fabric specimen. 
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2A. Surface Properties. 
The surfaoe properties of the fabric can greatly affect the way that they react when laid onto different 
surfaces during processing. A smooth surfaced fabric will tend to slip and slide against another smooth 
surface and while this may be an advantage in one process it could a disadvantage In another. The 
reaction between these surfaces Is dependent on the geometric profile of both surfaces and their 
interaction. Thiis may vary with the different sides of fabric and the different orientations being presented 
to the second surface as all fabrics are not symmetrical in their construction. 
2A. 1. Friction. 
Peirce (1930) stated that "the sensation of stroking a fabric is related to its surface friCUon properti. 
Many systems for measuring the surface friction of fabrics have used a contact technique to simulate this 
stroking process involving the dragging of a specimen across another surface and measuring the 
coefficient of friction, (p), which is based on the linear relationship between frictional resistance, F, and 
the normal loadW, and is defined as, 
V= FNV (Amontons first law of friction) 
A fabric with low coefficient of friction will have little frictional resistance to motion across Its surface, the 
sensitivity being dependent on the type of contact used. 
There are two contact method approaches, the first involves the contact of a fabric with a solid surface 
which may be in the form of a plate or wire and the second being the contact of a test fabric with another 
reference fabric. In the latter method the second reference fabric does not have to be Identical to the 
test fabric, it could be a standard fabric or another specified fabric. 
2A. I. I. Contact Methods. 
This involves the fabric surface being in Contact with a stylus or wire which is pulled across the surface of 
the fabric. This type of contact methods have the disadvantage of disturbing the surface of the fabric 
during the test with the size of the contact device being Critical. If the contact Is too small it could 
become trapped In the fabric stnicture. 
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Howell and Mazur (1953) developed an equation F=aW where R is the normal force, a is a coefficient 
and n is the friction index which is dependent upon the geometric structure of the fabric. 
The earliest type of fabdcto-fabdc friction tester was the Inclined plate tester where a sample of cloth 
was mounted on a glass plate in a vertical position and tensioned with weights. The plate was then tifted 
into a horizontal position. A block was placed on top which was covered with fabric. One end of the plate 
was raised until the block started to slide. The angle of tift was recorded and used as a measure of 
coefficient of static friction. Tests from this method showed that repeated tests on the same sample 
showed that the coefficlent of friction decreased due to the alignment of the surface fibres on the fabric. R 
also showed that for woven fabric any extra tension applied to the fabric made no difference and that test 
results only showed very small differences between samples tested In the weft and warp direction. The 
coefficient of dynamic friction could be estimated by measuring the time taken for the sample to slide 
over a measured distance. 
Thorndike and Varley (1961) re-designed the inclined plane tester so that samples of cloth could be 
mounted with their warpstwefts at any angle relative to each other. The upper sample was also 
connected to a pen recorder and a reciprocating mofion of slipping was employed. They also added 
weights on the upper sample to vary the load. The coefficients of static friction and dynamic friction 
between fabrics of different physical structure and orientation under different test conditions were 
measured. 
Wilson (1963) studied the effect of pressure on the dynamic friction coefficlent of fabrio-to-fabric friction 
and concluded that the frictional properties are dependent on the area of contact between the fabrics. 
The frictional force was tested over a large number of directions and it was found that some fabrics 
exhibited a marked directional effect In their frictional characteristics. 
Carr and others (1988) using the Instron friction tester sled attached, where the test samples to the 
platform using glue showed that friction was sensitive to pressure at low pressures but reached a 
constant value at higher pressures. 
Hearle and Amirbayat (1988) developed a rotary friction tester as part of their fabric multi-tester. The 
sensor was a ball at the Up of a linear transducer which measured the initial coefficient of friction and 
initial roughness. The instrument was used In later studies to measure the change in surface properties 
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of fabrics during wear (Aryfirbayat and Cooke 1989) and found that the coefficient of friction for most of 
the samples decreased with wear. They suggested that roughness should be used as a parameter to 
distinguish between fabrics rather than coefficient of friction. 
Ajayi (1992) studied the effect of the sett and crimp on the frictional properties of five cotton woven 
fabrics on their frictional properties by using the Instron tensile tester and separated the coefficient of 
static and kinetic friction. A "knuckle effect' produced by protruding yam crowns and fibre tufts during 
fabric-to-fabric friction testing was observed with the t frictional resistance between two bodies is 
comprised of two factors: 
" Adhesion (the true area of contact between the two surfaces) and 
" Ploughing (related to the height of the surface aspirations) 
He analysed the frictional resistance, the number of peaks and the amplitude of the resistance, with the 
tests mainly based on woven fabrics. Although it was reported that when ribbed knitted fabric was tested 
it stretched in the course direction. It was suggested using a testing speed of 5cm per minute which was 
considered to be comparable to an expert assessors thumb gliding across the surface of a fabric when 
assessing fabric hand and observed that successive traverses of the same samples resulted In surface 
polishing. 
Overall it was concluded that care must be taken in choosing test conditions and that this type of method 
is only suitable for comparisons of similar fabric types and was not suitable for knitted fabric. 
Concurrently Cassidy and others (1992) reported an improved test method for the measurement of 
fabric-to-fabric friction for knitted fabrics. The development of this test method described in detail In the 
experimental section of this thesis by the author who was directly responsible for this development. 
Pull out friction tests have been used to study the influence of surface roughness of woven geo-textiles. 
A load cell is used to detect the frictional resistance of a fabric specimen being pulled from a bed of glass 
beads. 
Rust and others (1994) used a mechanical stylus surface analyzer (MSSA) to measure the surface 
characteristics (FITS - Frequency Index for Tactile Sensitivity) of soft bathroom fissue products and 
compared results to human responses and to optical image analysis techniques. 
27 
Virto and Naik (1997) also used the Instron sled and highlighted the problems of "bow wavesPformed by 
the defonnation of the fabric surface just in front of the moving sled. The influence of compression load 
at solidtfabric interface, the effect of the type of solid material used and the effect of sliding speed on the 
sliding friction coefficient was studied. 
Alimaa et al (2000) investigated the quantitative measurement of mechanical properties and surface 
properties using KES-F and sensory tests. Their investigation concluded that the estimation of fabric 
properties by sensory methods can be carried out by a single unskilled judge if a standard is used and 
the sensory tests are designed to imitate the experimental methods used in the KES-F tests. However 
they found a poor correlation between the KES-F method and the sensory method for the coefficient of 
friction which supports the author's concern about the suitability of the KES- F method as a realistic 
method for measuring frictional properties. However the investigation found that the coefficient of 
friction was lowest when the courses mere closely spaced together (smaller loop lengths) and offered 
less resistance to motion when stroked by the finger. 
A study by Peykamian et al (1999) involved the prediction of the softness of plain single Jersey T shirt 
fabrics from yam quality parameters. This was carded out using a mechanical stylus surface analyser 
(MSSA) to measure the surface properties of the yam described as the surface response average. 
The T shirts produced from these yams were ranked for their softness by a panel of judges. The 
results showed no correlation between the yam surface parameters and the softness although an 
earlier study by Radhakrishniah had found a high correlation between the compressive softness value 
of yams and their corresponding fabrics. 
2.4.1.2. Non-Contact Methods. 
A non contact method was originally used by the British Rayon Research Association to measure the 
lustre of fabric surfaces and for the study of knitting defects. Unfortunately this method used conventional 
light sources which were easily affected by the colour of the fabric. 
Modem sophisticated systems use lasers Mich can be used to accurately measure the surface 
geometry of the fabric and have been shown to be successful for the measurement of geometrical 
roughness by Ramgulam and others (1993). It can be argued that these methods do not give an 
indication of tactile roughness as the surface of the fabric must have pressure applied by the fingertips. 
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It was suggested that a glass plate could be used as a substitute for fingertip pressure on the surface of 
the fabric. Results from the laser, the KES-F friction tester and the rotary friction tester nevertheless 
showed that the laser could be used for detecting surface irregularities (roughness) on plain weave 
fabrics. 
A method based on a lustre tester was developed by Arnirbayat and Bozzafta (1995) to study the effects 
of wear on garments by measuring the geometric roughness and lustre of worsted fabrics, 
Ravandi and others (1994) studied the effect of fabric structure on slip stick motion by using perspex 
on woven material. He showed that slip stick can be analysed using autospectral density functions and 
that it was periodic and strongly influenced by fabric structure. 
In 1972 Kawabata collaborated with the Textile Machinery Society of Japan (Fortress 1982) and a set 
of FOM equipment for measuring the properties of fabric handle was developed by Kawabata. 
Kawabata and other experts from the Japanese textile and apparel industry formed the HESC (Hand 
Evaluation and Standardisation Committee) who were interested in the application of FOM to 
tailoring process control. The terms of reference of the HESC were as follows: 
Definition of terms used to subjectively assess fabric, 
Establishment of a quantitative measurement scale; 
Classification of fabrics; 
Development of KES-F instruments; 
Development of the relationship between THV (Total Hand Value) and mechanical properties. 
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2.5. Fabric Objective Measurement (FOM) Systems. 
In the 1970's interest in FOM was increasing. One of the problems facing the industry at this time was 
that the testing machines available for routine testing, were usually housed in specialist testing 
houses, quality control departments in larger production units, colleges, universities and research 
institutions. Many companies only bought machines because they thought that it would solve their 
problems, but of course without the right personnel and the correct application, these machines mere 
often under-utillsed. These machines were often the development of a wide range of companies who 
tended to specialise within certain areas e. g. tensile testing, and they usually produced testing 
equipment for other industries e. g. automobile, food, construction, etc., as part of their business. This 
lack of centralisation of textile testing machines lead to a poor level of integration between machines 
and in some cases resulted in an overlap in properties or parameters measured by different 
instruments. The other problem that the industry faced was the diversity of the products. The 
difference in construction between woven and knitted fabrics also exacerbated the problem. 
When the opportunity arose to produce a set of dedicated FOM equipment to meet the needs of the 
industry it was felt that the system developed would be utilised by Industry to develop, improve and 
control the quality of products. 
2.5.1. Kawabata Evaluation System for Fabric (KES-F). 
The Kawabata Evaluation System for Fabric (KES-F) was developed by Professor Kawabata at Kyoto 
University with the support of the Japanese Textile Machinery Society. The basic system consisted of 
four instruments known as the KES-F system. This system measures 16 parameters (Table 2.1. ) 
within 6 mechanical and surface properties using specially designed Instruments. 
It was modified in 1973 to the KES-FB system and has developed over the years to Include automatic 
loading of samples and improved software for the analysis of results. 
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INSTRUMENT FABRIC SYMBOL KES-F UNIT PARAMETER 
PROPERTY 
Tensile LT Linearity of Load 
Extension Curve 
WT gf. cn-dan' Tensile Energy 
RT % Tensile Resilience 
- EM % Tensile Extensibiliiý 
Shear G gf. cm. deg Shear Rigidity 
2HG gf. cm Hysteresis of Shear KES-F1 Force at 0.50 shear 
2HG5 gf/cm Hysteresis of Shear 
Force at 50 shear 
Bending B 9f. cm1/cm Bending Rigidity 
KES-172 2HB gf. cm/cm Hysteresis of 
Bending Moment 
Lateral LC Linearity of 
Compression Compression- 
KES-173 thickness curve 
WC 9f. crTvcml Compressional 
Energy 
RC % Compressional 
Resilience 
KES-F4 Surface M11.1 Coefficient of fdclion 
Characteristics MMD Mean Deviation of 
MlU 
SMD micron Geometfical 
I I I Roughness 
Table 2.1. KES-F Instruments and Data Parameters 
Fumiss (1991) In the introduction to session two of the Textile Objective Measurement and Automation 
in Garment Manufacture conference highlighted that, although much of the research In this area had 
been done using KES-F equipment, up until then no USA apparel company had bought KES-F, only 
universities and research institutions. Haomver there did seem to be Interest from industry and these 
institutions did get requests from industry to perform tests. This Is understandable as the system costs 
over E100,000 thus putting it outside the reach of small and medium sized companies. Other criticisms 
of KES-F include the fact that small to medium size firms do not have suitable laboratory facilities In 
which to house the system. 
When the system was first developed it was highly suitable for woven fabric but was deemed limited 
for the FOM of knitted fabrics. Stylios and Fan (1991) in an editorial communication In the International 
Journal of Clothing Science and Technology outlined how the objective measurement of knitted fabric 
properties could be made using KES-F equipment. As the system was originally designed for the 
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measurement of woven fabrics which are measured under higher loads than knitted fabrics it was 
suggested that in the tensile testing test the load could be reduced to 0- 50 gf for knitted fabrics. He 
also reported on KES-F AUTO which included the automatic loading of fabric specimens for more 
consistent results. The KES-G5, a type of compression tester, had also been developed for higher 
f, 200 5OOgf sensitivity and flexibility to replace KEF-FB3. This offered a range of four loads - 100g gf, 
and I kgf and the test speed could be varied. 
Dhingra and others (1985) and Mahar and others (1987) conducted an inter-laboratory trial based on 
wool and wool blend fabrics. Eight laboratories from Japan, Australia, Germany, U-K New Zealand 
and China took part. A total of 30 parameters were measured (including weft and warp directions) and 
the analysis of the results produced the following list of recommendations: 
* Each laboratory should decide on an acceptable level of within - laboratory variance required for 
its own testing program. This may mean that the number of replicates may have to vary for different 
instruments if the within laboratory variance is set at a constant level for each fabric parameter. It was 
suggested that three samples should be measured in order to obtain a reasonable level of precision. 
However different fabrics may require a different number of samples for a similar level of precision; 
9 Each laboratory may wish to carry out their own within laboratory trials using a number of operators 
and this should be monitored to ensure consistent results; 
"A set of standard fabrics should be used for calibration; 
" Test procedures need to be closely controlled especially sample preparation and mounting. 
" Software needs to be developed to help to standardise analysis of results. 
Ly and Denby (1988) and Ly (1989) also examined the problem of errors when measuring fabrics on 
the KES-F system. They found that the difference between repeated measurements on the same 
sample is not always significant if the fabric is allowed to recover between tests and also suggested 
that the procedure for mounting tensile and shear tests was critical. 
Weustink (1991) compared the KES-F system to other simple measurement methods as a part of the 
SPRINT project. He reported on the development of certain well established simple test methods to 
show the effects of hysteresis and he concluded that the KES-F is the most complete system for 
measuring the mechanical properties of fabrics at low forces and surface properties. 
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2.5.2. Fabric Assurance by Simple Testing (FAST). 
Developed by CSIRO (Commonwealth Scientific and Industrial Research Organisation), In conjunction 
vvith the Australian Wool Corporation, the FAST (Fabric Assurance by Simple Testing) system was 
specifically designed to be an easy to use system aimed at industry. It comprises of 4 main testing 
Instruments. (Table 2.2 ). 
Instrument Property Parameter 
FAST-1 Surface Thickness under load of 
Compression Thickness 2g/CM2 and 
Tester 10()g /cM2 
FAST-2 Bending Bending Length 
Bending Tester Bending Rigidity 
FAST-3 Extensibility Under load of 15,20 and 
Tensile Tester 100g in warp and weft 





Table 2.2. FAST Instruments and Data Parameters 
The instruments in this system are more basic than those in the KES-F system and FAST system 
does not have the capability to measure the hysteresis effect during tensile, shear, and bending, but 
this may not always be required. The main difference between KES-F and FAST Instruments Is that 
the KES-F system can measure surface properties whereas FAST does not have that capability. 
However the FAST system can measure relaxation shrinkage and hygral expansion which is crucial 
for the prediction of garment appearance for wool fabrics. This test Involves taking the physical 
measurements of a sample after oven drying a sample to zero moisture content (LI), soaking the 
fabdc (L2) and re-drying (U). 
The follovAng cakulations can then be made: 
Hygral Expansion (HE%) = 100 (LI-L2) / Ll 
Relaxation Shrinkage (RS%) 100 (1-2-1-3) / L3 
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Tester and De Boos (1990) reported that only a fraction of the information from KES-F was actually 
required by industry and that the information from the FAST system was more applicable and easier to 
interpret (due to the fact it used well known test methods and procedures). A case study was 
presented as an example where the system would be invaluable to industry. This involved a tailoring 
company which had made a jacket from sample material, and this resulted in a jacket with good final 
appearance and without any other problems during sample production. The bulk fabric was ordered 
and manufactured into jackets and sent to the warehouse prior to delivery to the customer. When the 
jackets were ready for dispatch the jackets showed pucker on some of the seams and as this could 
not be rectified easily the consignment was sold at a discount which reflected the seriousness of the 
problem. The problem was traced to the fact that the bulk fabric had not been sampled. As pucker Is 
caused by low formability or fabric dimensional stability problems, if the FAST system had been used 
to assess the formability, (based on the extension and bending rigidity properties of the fabric), and the 
dimensional stability of the fabric under different conditions, this situation could have been dealt Wth 
by either pre shrinking the fabric of re-cutting the pattern to allow for the shrinkage. De Boos and 
Tester (1991) outlined the main applications to industry and claimed that FAST was an accurate and 
simple system to use and exerted low strain on samples to compensate for the possible distortion of 
fabric samples. In an inter-laboratory trial it was shown to compare well with other instruments used to 
predict the performance in garment manufacture. 
Ly and others (1991) considered that the FAST system would bring objective measurement within the 
reach of most finishers and tailors and claimed that the precision of the system is equivalent to, if not 
better than other commercial systems. 
2.5.3. Alternative Systems. 
Other researchers have used existing instruments or a different approach to devise alternative 
systems suitable for the measurement of FOM. 
Aftemative systems based on instruments have included a multi purpose fabric tester (Heade and 
Amirbayat 1988) which used one sample and one multifunctional Instrument. Pan and others (1993) 
showed that some overlapping elements exist in the 16 KES-F parameters and that this can be based 
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on a system on the measurement of 9 parameters by the Instron tensile tester. This utilised the 
tensile test for the measurement of tensile, shear and bending properties. Shear was measured by 
using a bias cut sample and the bending properties were measured using a sample which had been 
seamed along one side to form a cylinder. The results were transformed into a circular chart which 
used the radii of the circle as the axis for the results and suggested that these 'finger prints' of fabric 
properties could be used for quality control purposes. 
Hallos and others (1990) used existing equipment and methods to measure the FOM of a group of 
commercially manufactured double jersey fabrics. The results were then expressed as polar co- 
ordinates on a circular chart. 
One of the earliest methods used to assess the quality of fabric was the 'ring' test. Ladies would pull 
silk fabrics through their wedding rings to determine the fineness of the fabrics, of course this was 
dependent on the size of their finger and the width of the fabric. Even today it is used to demonstrate 
the web-like sheerness of a shetland shawl using the same method. This method has been updated 
and Pan and Yen (1992) used a tensile tester to measure the force required to extract a sample of 
cloth through a nozzle. They identified five parameters from the geometric characteristics of the load - 
displacement curves and correlated them to the mechanical properties of the fabrics measured on the 
KES-F system. The conclusion of this study was that this method could possibly be used to measure 
multiple fabric properties from one simple extraction test. 
Amirbayat and Alagha (1995) in an article titled "A New Approach to Fabric Assessment" further 
discussed how fabric properties can be measured without the need for special attachments for 
standard testing machines or specialised systems. 
It can be seen that although some novel methods have been developed most of the research work 
has been carried out on the two main commercial systems, FAST and KES-F. Each of these systems 
are valuable tools but it is the interpretation of the derived mechanical properties which will benefit the 
industry. It is this interpretation which will discussed further. 
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2.5.4. Interpretation of Data. 
Pan and Zeronian (1993) stated that measurements will only make sense when test results can be 
correlated to fabric performance. Data itself is of little use to the industry without the means to 
successfully analyse it. There have been a number of different approaches to the analysis of the data, 
these include multi-variate regression, discriminant analysis which tend to lead to the formulation of 
equations, and multi-directional graphical methods, snake charts, circular charts, etc. Any graphical 
methods may use normallised axis (on a scale of I to 10) or a non-normalised axis where minimum 
and maximum values are used as the scale. Ito (1983) accumulated data on the tensile and shear 
properties of all the fabrics processed in his factory, produced a table of processes and parameters, 
within which the fabrics could be easily processed, and ultimately derived. He then produced a chart 
based on 7 parameters. When FOM results for a fabric fell inside the non-control zone for each of the 
identified stages, e. g. cutting, sewing, etc., the operators could be assured of trouble free processing. 
Both FAST and KES-F have adopted the snake chart for the graphical representation of results 
(Appendix All and A2). 
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3 
REVIEW OF LITERATURE ON THE 




The previous section focused on the physical, mechanical and surface properties of fabrics and the 
FOM systems that are available and methods of measurement of the relevant fabric properties. In this 
section the applications of these parameters, either as individual parameters, or in groups within 
commercial, or other FOM systems, will be reviewed. 
FOM systems based on specified parameters have been developed for use by industry although to- 
date the major use has been by researchers. These systems attempted to include the most relevant 
parameters for their intended application, to standardise the test methods employed and to provide a 
means of analysis of the results to aid the engineering of fabrics and garments. 
The applications of FOM reviewed in this section includes its use for assessing fabric quality, its use 
in the development, design and production of apparel production and its use for assessing and 
predicting garment appearance. 
Concurrent / simultaneous engineering, as applied in the apparel industry Is the design and 
development of a new product in parallel. It is designed to reduce the 'time to market for new 
products thus giving companies a competitive edge over other companies with the added possibility of 
improving quality. It has been defined as 0a systematic approach to the integration of the concurrent 
design of products and other related processes Including manufacturing and support. This approach 
is intended to cause the developers, from the outset, to consider all elements of the product life 
cycle"'(US Institute of Defence). This approach relies on good communication between various 
departments. 
The cost of rectification of faulty products has been found to often increase by a factor of ten for each 
stage of production which is completed before the fault has been identified. Designers who once kept 
themselves behind a drawing desk must now interface with experts from other areas. Time spent on 
the design of failures must be eliminated. The product's development should be kept in the form of 
paper as long as possible to minimise costs. Therefore the trend towards fabric and garment 
engineering should be encouraged in the industry, where the customer's needs and requirements are 
met through the application of new technologies and development costs are kept to a minimum. This 
will ultimately require more co-operation between fabric producers, garment producers and retailers. 
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The door is now open for communication between these sectors if appropriate staff are employed and 
sufficiently supported by these sectors of the industry. 
39 
3.2. Fabric Objective Measurement (FOM) Conferences and Projects. 
The first major intemational conference took place in 1982 and was the Japan/Australian symposium 
on 'Objective specifications of Fabric Quality, Mechanical Properties and Performance, with the 
emphasis on correlating the mechanical properties of fabrics to the subjective perception of fabric 
hand and drape. This symposium contained 32 papers, most of which used data from KES-F 
instruments as the basis for the research. This allowed researchers to produce a plethora of data on 
fabric mechanical properties. This data was seen to be potentially beneficial to the industry and the 
research was concentrated into several areas. The most active area at this time was the development 
and use of these techniques related to the objective hand of fabric and its relationship to the subjective 
assessment of fabrics. 
Kawabata (1980) introduced the concept of PHV (Primary Hand Value) and THV (Total Hand Value). 
PHV's were the attributes of handle in the subjective assessment of fabric e. g. smoothness, etc., and 
THV was the rating given to a fabric in terms of its suitability for a particular end use. This was later 
developed and applied to a limited range of fabrics with different end uses (Kawabata and Niwa 1983) 
which were presented as a set of equations Mich could be used to define "Tailorability* (Kawabata 
1983) and explored in a wider application by Kawabata and Niwa in 1991. These values could also be 
related to the tailorability, the ease with which fabrics can be converted into acceptable garments. 
Bishop (1996) produced a review on the sensory and mechanical properties of fabric which deals with 
the different measurement techniques used in the measurement of fabric hand and their methods of 
analysis. 
As the hand of fabric is a vast subject in its own right it has largely been excluded from this literature 
review to concentrate on the objective measurement techniques. The other areas which mere 
highlighted by the symposium included the engineering of fabric using objective mechanical property 
data, the objective evaluation of fabric tailorability and the performance characteristics of fabrics and 
garments. 
As a result of the success of the first symposium a second was held the following year with the theme 
of the ' Objective Evaluation of Apparel Fabrics' and attracted 59 papers and two non-technical 
presentations related to this subject area. Again the subject was divided into similar areas as those 
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used for the first symposium. The main difference was an emphasis on the performance of fabrics 
during making up and their appearance in the final garment. Research had now provided the tools 
which could be used by purchasers to set fabric specifications, which would give the desired 
appearance, handle, performance and reduced production problems, thus minimising costs to provide 
the customer with the right product. 
In 1985 a third symposium was held which was titled 'Objective Measurement and its Application to 
Process Control'which contained 65 papers, 14 posters and 2 workshop papers covering a wide area 
with slightly less emphasis on the applications of KES-F than the previous two conferences. 
In 1989 a serninar on'Objective Measurement Technology and Applications in the Textile and Clothing 
Industries! was held in Hong Kong. It was jointly organised by the Hong Kong sections of the Textile 
Institute, the Clothing and Footwear Institute, the Society of Dyers and Colourists and Hong Kong 
Polytechnic. This resulted in a series of articles written by leading researchers In the area of objective 
measurement Mich were published in Textile Asia over a period of 5 months. 
Part I entitled Historical Background and Development (Postle 1989) described the experimental and 
theorefical background of Fabric Objective Measurements and how the concept for a more formal 
international approach developed. The need for FOM was summarised as follows: 
Ever- increasing diversity of fabrics and clothing; 
Retirement and non replacement of experts with extensive experience in textiles and clothing; 
Rapidly increasing automation in the textile and clothing industries; 
A critical need for quick response in the textile and clothing industdes; 
Increasing difficulties in precise language and communication In terms of subjective assessment of 
fabric quality attributes. 
New demands facing the industry, mainly QR (Quick Response), meant that more Inforrnation 
between the fabric producer and fabric user was required to ensure that the fabric user obtained the 
optimum 'fit for purpose ' fabric. It also highlighted the fact that fabric specifications need to be 
understood and communicated across the fabric producer/ fabric user interface. The article Identified 
the range of uses of FOM by companies given in Table 3.1. 
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Table 3.1. Applications of Fabric Objective Measurement Technology (Postle 1989) 
Objective measurement of fabric quality and handle and their primary 
components for various textile products. 
Design and production of a diverse range of high quality yams and fabrics 
using objective mechanical and surface property data 
Objective evaluation and control of textile processing and finishing 
sequences for the production of high quality yams and fabrics. 
Objective evaluations of fabric tafli orability and finished garment quality and 
appearance. 
Objective specifications by tailoring companies for fabric selection, 
production planning, process control and quality assurance using fabric 
mechanical and dimensional property data. 
Measurement and control of the comfort, performance and stability of fabrics 
and clothing during use. 
* To maintain and upgrade the quality of all existing textile products. 
* To optimise the use of different quantities and varieties of natural and manmade fibres. 
e To produce a scientific base for the control of fabric quality and performance as a result of new 
process and product developments. 
9 To specify quantitaWely and control the performance characteristics of fabrics and clothing. 
* To establish an objective basis for communication between researchers, industry sectors and 
traders in fibres and products. 
In part 2 of the series (Hadock 1989) outlined the principles of measurement and related quality and 
performance attributes of fabrics and garments to the six basic mechanical properties, 
and the physiological properties which affect comfort which are given in table 3.2. 
Table 3.2. Basic Mechanical Properties of Fabrics and their Associated Quality and Mechanical 
Perfonnance Properties (Harlock 1989) 
Fabric Mechanical Properties Quality and Mechanical Performance 
Uniaxial tension Fabric Handle and Drape 
Biaxial tension Fabric Formability and Tailoring Properties 
Shear under Tension Garment Appearance and Seam Pucker 
Pure Bending Mechanical Stability and Shape Retention 
Lateral Compression Relaxation Shrinkage, Dimensional Stability 
Longitudinal Compression and Buckling and Hygral Expansion 
Surface Roughness and Friction Wrinkle Recovery and Crease Retention 
Abrasion and Pilling Resistance 
Mechanical and Physiological Comfort 
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In order for FOM to be used successfully, as many variations as possible must be minimised during 
the testing and handling of the samples. It was recommended that strict test procedures should be 
used, the system should be calibrated using standard fabrics and that the preparation of samples 
should conform to an international standard as discussed by Dhingra and others (1985). It was also 
suggested that parameters should be defined which can be used to define the behaviour of the fabric 
during its production into garments and their affect on the appearance of the final garment. Dhingra 
also suggested that data from these parameters, when correlated with the subjective assessment of 
fabric hand, could ultimately lead to the generation of a set of objective quality standards for certain 
types of fabrics. 
Postle (1989 Part 3) reviewed the assessment of fabric quality attributes and the performance 
characteristics of fabrics related to their low stress mechanical and surface properties. 
The international survey of fabric handle which was co-ordinated by a range of leading researchers In 
this field across eight countries was discussed and compared the degree of agreement between sets 
of judges within and between different countries for two types of men's suiting fabrics. Postle stated 
that the experimental errors involved in the objective measurement of the mechanical properties are 
known to range from 5-12% (for four replicate tests) but are still much smaller than the errors Involved 
in subjective test methods for fabrics. 
The problem of production control in apparel manufacture was discussed by Harlock (1989 Part 4) 
where he highlighted the fact that the industry was facing skill shortages through retirement, lack of 
training schools and faster fashion cycles. The use of fabric objective measurement was Identified as 
being potentially beneficial to apparel manufacturers In the following areas: 
" The objective evaluation of fabric tailorability and finished garment appearance and quality. 
" Objective specifications by tailoring companies for fabric selection. 
* Production planning, process control and quality assurance using fabric mechanical and 
dimensional property data. 
The measurement and control of the comfort, performance and stability of fabrics and clothing during 
use, including laundering and dry cleaning. 
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The article also points out that most of the work in the area of the application of FOM to garment 
appearance has been related to wool based materials since research in this field was heavily 
supported by wool producing countries. 
Curiskis (1989 Part 5) focused on production control in textile manufacturing. In particular in the 
apparel area and technical textiles such as geo-textile, architectural, medical fields etc would benefit 
from this work. The article referred to the Japanese industry who used objective measurement to 
produce a database of product specifications for processing conditions for the purpose of quality 
control and assurance, processtproduction control, product development and process Improvement. 
This data could then be used in the vertical design of fabrics to take into account the effect of 
fibrelyarnflabric construction parameters and wet finishing treatments on the mechanical and physical 
properties of fabrics. He also emphasised the Importance of the finishing process for fabrics and 
suggested that fabric objective measurement could allow the finishing process of fabrics to be related 
to their basic engineering properties. 
Postle (1989 Part 6) discussed aspects of product development and Implementation where the main 
focus of the article was on the use of FOM in fabric development, the assessment of new fabric 
finishes and the engineering of new fabrics to meet customers requirements. The difference between 
woven and knitted fabric properties were examined and it was demonstrated that the although the 
effects of finishing on knitted fabrics are not as large as that for woven fabrics the application of FOM 
can still benefit the knitting industry in the following areas: 
" the control of stitch damage during high speed sewing; 
" specification and control of knitted fabric dimensional stability; 
" the specification and optimisation of fabric softening or bulk. 
Postle also highlighted the effects of curling of knitted fabric which caused problems with handling and 
measurement especially with unfinished fabrics. In addition it was stated that knitted fabrics do not 
drape as easily as woven fabric, however the author feels that this generalised statement was an over 
simplication as in recent years the success of 'fluid jersey' fabrics has been due to their outstanding 
draping properties. 
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The last article in this series, Curiskis, (1989 Part 7) summarised and concluded the FOM work and its 
relevance to the Hong Kong apparel industry. 
Out of the continuing academic and Industrial interest evolved a new publication, the International 
Journal of Clothing Science and Technology in 1989, based at Bradford University under the 
editorship of George Stylios. 
The First International Clothing Conference at Bradford University (UK) in 1990 (Stylios 1991) focused 
on the latest developments and recommended future research In the areas of the interface between 
textile and clothing companies, the implications of automaton, flexible garment manufacture and the 
applications of FOM on CIM (Computer Integrated Manufacture). This was followed by the Second 
International Clothing Conference on the theme of Objective Measurement Technologies in the Textile 
and Clothing Interface In 1992. 
Bamdt and others (1990) reported on the "BEN FRANKLIN" project which was supported by the 'Ben 
Franklin Partnership Fund' and involved the investigation of the measurement of the mechanical 
properties of fabrics in the prediction of fabric processing in sewing. It's main objective was to alert 
manufacturers to recognise that most fabrics require some special handling by the sewing operator 
during the making up process. 
The European Commission funded a project under the SPRINT framework on objective measurement 
technology transfer (Baetens 1991). This involved 10 Collaborating European research Institutions and 
Identified that more Information was needed for the optimum processing and design of textile products, 
by the use of technology transfer, to help the industry as the Textile Industry which had been slow In 
accepting objective measurements of mechanical properties. 
Starfish (short for START as you mean to FINISH) was a TOM (total quality management) system for 
circular knitted cotton fabric developed by Cotton Technology International (CTI). It was designed to 
help with the development of new products, the improvement of the performance of existing products 
and to ensure reliability and continuity of product quality. It's main objective was the specification of 
yams, knitting conditions and finishing targets so that the performance requirements of the fabric (i. e. 
weight, width and shrinkage) of the final finished fabric meets the customer's requirements. 
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Circular knitted fabrics, require careful monitoring of the mass per unit area and the shrinkage 
properties of the fabric. The main yam quality parameters that affect the area density and the 
shrinkage are yam type (rotor, ring, carded, combed), yam linear density, yam twist and the basic fibre 
quality. As the quality of fibre used is usually related to the yam linear density and count, the range of 
twist factors used in the yam tends to be limited. 
The starfish computer prediction package was produced for upgrading the perfon-nance of circular 
knitted cotton fabrics and provides a simulated model based on the key elements of production and 
processing of cotton circular knitted fabrics, together with their expected performance. It was designed 
to be easy to use by industry and stored the data so that customers can select the optimum fabric. 
However this work did not relate to the handle of the final products or the processing problems. 
The report suggested that producers who measure wales, courses and shrinkage of the greige fabric 
are wasting their time and that only the properties of the final finished fabric is important to the 
garment producers. 
In 1990 CIMTEX was set up by the DTI and members of the knitted garment manufacturing Industry in 
order to carry out research Into the automated and semi-automated assembly of knitted garments at 
De Montfort University (formerly Leicester Polytechnic). The project was divided into cells each 
looking at a particular area of knitted garment production. The Objective Measurement cell was mainly 
involved with the objective assessment of fabrics. Its objectives were 
" the development of new and cheap FOM techniques suitable for a small knitwear manufacturer, 
" the development of FOM using the Instron tensile tester. 
Compilation of a database of knitted fabric parameters for use by other cells In the project. 
This lead to the CLOAK (CIMTEX (Leicester) Objective Assessment of Knitwear) database of cotton 
single Jersey fabrics to be created. 
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3.3. Applications of Fabric Objective Measurement (FOM) to Fabric Production. 
The opportunity to use FOM for the engineering of products has provided the industry with a powerful 
process control tool. However because the nature of this industry is diverse and the product range so 
vast it was appropriate that research was mainly concentrated on the main manufacturing sector 
which is apparel. The apparel sector itself is also diverse, with apparel companies tending to focus 
within specialist production sectors e. g. Tailored suits, soft -tailored outerwear, lingerie, knitted 
outerwear, etc. The production route itself used tends to dictate the type or quality of yam or fabric 
used, e. g. in tailoring, suits tend to be produced from good quality woven fabric, in fully fashioned 
knitwear, garments are usually produced from high quality yams, etc. An important part of the 
development process of apparel is the development of samples. The process of sampling can be 
lengthy and expensive but is necessary to ensure that the accepted (known as sealed) sample 
conforms to all the customer requirements. Part of this process is the sampling of fabric which will 
undergo a series of performance tests depending upon the end use of the fabric. Most of these tests 
are performed by an accredited testing laboratory and the results of the tests will be sent to the 
manufacturer who will then decide if the fabric is suitable for bulk production. Most of these tests are 
concerned with the performance of the finished garment e. g. washing tests for dimensional stability, 
colour fastness etc. Very few tests are carded out to predict the formability or tailorability of the fabric. 
This Is widely ignored and usually any problems encountered are left to the skill of the machinist or the 
presser to enhance or correct. With the increase in the number of ranges In a fashion season the 
variety of garment styles and types of fabrics processed has presented a challenge to even skilled 
operators. 
This review focuses on the following areas; 
" Fabric engineering: 
" Fabric handling; 
" Tailorability/ Formability/Sewability and; 
" Appearance and Performance. 
The optimum scenario would be for a vertical organisation which had control over all these areas of 
production and where information could be fed back to prevent processing problems. 
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However, because fabric engineering tends to be under the control of the fabric manufacturer, and the 
other areas are under the control of the garment manufacturers, there will always be the opportunity 
for garment manufacturers to lay blame for problems encountered during processing at the door of the 
fabric manufacturers. 
3.2.1 Fabric Engineering. 
The aesthetics and performance of garments are mainly due to the fabric properties. These properties 
may be influenced by the type of fibre/fibres selected, the type of yam production system, the 
construction of the fabric and the finishing process used. Hunter and other (1983) investigated the 
effect of wool fibre properties on the finished fabric where the micro-mechanical properties of their 
constituent elements (fibres and yams) were used to characterise the behaviour of the fabric. The 
other approach is macro-mechanics where the properties of the fabric are used to characterise the 
behaviour of the fabric. 
It is difficult to categorise fabrics as they may be qualified using any of the properties previously 
mentioned. The categories tend to be historical and relate to a specific area of the industry. It Is easy 
to identify fabrics from the weft knitted, warp knitted, woven and non-woven sectors, but the type of 
fabric within each group is often referred to by its end use e. g. suit fabric, shirting fabric, fleece fabric, 
T shirt fabric, etc. 
Each type of fabric will have preconceived quality attributes by the customer and the manufacturer will 
work towards this end to ensure that his fabric meets these demands and expectations. Fabrics have 
their own showcase in the form of exhibitions, the best known fabric exhibition In Europe Is Tissu 
which takes place in Lille, France. 
Fabric producers will follow the predictions for colours and fabric designs for the following seasons to 
produce sample ranges with which they hope to attract buyers from retail shops. In order to gain a 
competitive edge over other fabric producers they may develop new fabrics which may have improved 
handle, performance or compatibility properties. The property of handle Is assessed subjectively by 
fabric selectors and buyers but FOM has now provided a tool for the engineering of fabrics to meet 
criteria set by customers. Total fabric engineering now enables a fabric with the right combination of 
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performance characteristics for a particular end use to be designed and manufactured without lengthy 
and costly trials. 
3.3.2. Fabric Finishing. 
The process of finishing is probably one of the most skilled operations performed on a fabric. It is 
heavily dependent on the knowledge of the finisher as this is the final process performed on the fabric 
and it is the last opportunity for the fabric manufacturer to meet the specifications set by the customer. 
The customer may not be able to accurately define the specifications of the fabric required beyond that 
of its physical properties (e. g. mass per unit area, width, etc. ). This was supported by research carried 
out by Saito and others (1983), who compared the traditional method of fabric production (production 
lead) to that of customer lead production and concluded that fabric designers and customers require a 
greater knowledge and better understanding of the technical terminology involved In order to write 
accurate specifications. 
The finishing of fabric is the final process in fabric production before it is sold for subsequent 
processing into apparel or other end products. As the fabric finisher Is not always aware of the end 
use of the fabric, except in cases where specialist mechanical of chemical finishes are required (e. g. 
flame-proofing, felting, etc), then any problems of formability or tailoring are not considered priority at 
this stage. In extreme cases fabric may be returned to the finisher for a lubricant to be applied to aid 
with processing but this must be cartied out while the fabric Is still on the roll. The change In fabric 
properties due to finishes and the various types and stages of finishing has been of interest to many 
researchers. Carr and Weedall (1989) used KES-F to measure the effect of solvent treatments on 
wool on the subjective handle of fabrics by measuring the mechanical and surface properties. 
De Boos and Wemyss (1993) reviewed the use of objective measurement tests In the finishing of wool 
fabrics and its use in the evaluation of new finishing technologies. The study included a list of the main 
aims of finishing wool fabrics and the processes associated with the finishing of wool fabrics and their 
effect. They observed that very few measurements were carded out by finishing companies during the 
processing and these companies tended to rely on the experience of the operators. They concluded 
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that FOM now provided mills with a chance to optimise their practices and could help with technical 
decisions which may have to be made. 
Dernichelis & Mazzuchefti (1991) also used FAST to measure the effect of the finishing process on the 
physical and mechanical properties of differently constructed worsted fabrics and concluded that the 
properties could not be greatly modified by finishing as the original construction of the fabric tended to 
limit the effect of the finishing process. In 1993 Mazzuchefti and Dernichelis further applied to use 
KES-F system to test fabrics at different finishing stages along two similar finishing routes for 100% 
wool plain weave fabric. Matsudaira and Matsui (1992) also investigated the mechanical properties 
and fabric handle of polyester fabrics at different finishing stages. 
Matsui (1983) observed that certain mechanical properties of fabrics are Influenced by the way 
finishing processes are combined and recommended that a system should be established In which the 
selection of the finishing process is based on the required modification to the mechanical properties of 
the fabric. 
Tester and Slevin (1993) studied the effect of stenter settings on the dimensional and mechanical 
properties of woollen fabric using the FAST system to measure the fabric properties. Other 
researchers also used the KES-F system to assess the difference in mechanical properties due to the 
dyeing process (Bajzik 1993), the application of softeners to wool fabrics (Blankenburg and Phillipen 
1991) or the effects of finishes and laundering on the surface characteristics of fabrics (Rhee and 
others 1993). 
Tsukada (1989) extended the KES-F system to observe the changes In the mechanical properties of 
silk fabrics which undergo chemical treatments. 
AM the above work was carTied out on woven fabrics, however Finniemore (1985) Investigated the 
objective handle of knitted outerwear and compared different finishing treatments for wool fabric. De 
Boos and Finniemore (1984) further examined properties of wool fabric and concluded that the 
finishing of wool fabrics is not only dependent on the nature of the surfactant but also on Its method of 
application. De Boos and others (1983) reviewed the effect of wet and dry finishing operations on the 
mechanical properties of woven wool and wool blend fabrics and concluded that the final pressing 
operations make the greatest contribution to the compression and surface properties of the fabric and 
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also on the shear and bending properties if the fabric is fully relaxed However tensile properties are 
affected more by high temperature setting processes. Mod (1983) reported on apparel manufacturers 
who developed a set of requirements based on objective measurements and he outlined the required 
specifications made by apparel engineers. 
Finishers have been working to produce fabrics which are easy to make up and which give good 
garment appearance. Hygral expansion is a problem with wool fabrics but can be controlled by the 
application of 'sponging' (shrinking) as a pre-tailoring process. Wool fabrics are prone to dimensional 
stability problems during wet processes. 
Saito and Yamauchi (1985) studied the mechanical properties of worsted fabrics at 5 different stages 
of finishing in order to predict the making up properties. Bamdt and Wagner (1985) used KES-F to 
evaluate properties of non-wovens and used them to predict properties of new non-woven fabrics. 
Zhou and others (1991) studied the production of fabrics to meet finished specifications. This Involved 
examining the setting of knitting machines to achieve the required mass per unit area required and the 
number of courses and wales per unit length. Le and others (1994) studied the changes In fabric 
mechanical properties after pressure decatizing. They found that extensibility In bias directions and 
bending rigidity decreased with higher decatising temperatures. 
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3.4. Applications of Fabric Objective Measurement (FOM) to Garment Production. 
This section reviews research in the area of garment production with reference to the application of 
FOR As garment production is a diverse sector only the major processes of the main manufacturing 
methods will be studied although the potential for FOM application in this area is significant. As the 
Industry moves toward automation much of this research has mainly been perforTned by, or with the 
support of, mechanical engineers. These engineers have applied traditional engineering principles to 
the problems faced by the industry, however the problem is not the actual processes In the production 
of the garment but the fabric itself. Textile fabric does not obey the same laws as that of a rigid body, 
its deformation under very low loads causes it to drape, wrinkle, shear, etc, often In an apparently 
random manner. Although the general characteristic behaviour of the fabric can be predicted through 
the use of FOM, any automated systems used would have to be sensitive to small changes In fabric 
characteristics. The solution may be to ensure the consistency of fabric characteristics through fabric 
engineering and good fabric control systems. In an ideal world of zero rejects and faults this may be 
attainable. If long runs of staple products are being produced where the fabric does not change to a 
large degree (maybe just a change to the colour or a print change) then It would be worth Investing in 
automated systems. As the bulk of the industry is at the mercy of the high street fashion stores where 
the style and fabrics constantly change this makes any Investment not economically viable. The 
application of FOM to garment production could be in the areas of the physical movement of the fabric 
or in the effect of the sewing process (i. e. the Interaction of the fabric and the machine). The method 
used for the physical movement of the fabric within processes and between processes depends upon 
the type of garment, the set up of the production line and the type of machines available. The sewing 
process itself is standard, with little opportunity to further Improve the mechanical operation of the 
machine, except of course to fully automate the whole process. However the interaction between the 
fabric and the machine is still largely determined by the skill level of the operator. The machine may 
require changes to thread tensions, feed differentials, etc., to cope with fabric variability, which may be 
between fabric batches or even within fabric batches. The sewing process can greatly affect the final 
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appearance of the garment as problems of seam pucker, ply shift and stitch damage can all have a 
detrimental effect on garment quality. Amirbayat (1992) showed that owing to the anisotropic nature 
of fabrics unless a seam is sewn along the same directions of both plies the mechanical properties of 
the sewn seam vvill be different except for the compression modulus. 
Radhakrishnaiah and Jayaraman (1991) related garment quality and sevving quality. They found that 
fabrics showing a high bending rigidity and bending hysteresis are not desirable for good cutting and 
sewing. 
Wemyss (1992) included a table idenWng the crifical fabric properties, which can be measured on 
the FAST system, for garment manufacturing processes, Table 3.3. These processes however do not 
include handling which, although not a productive process, is one of the most challenging areas for the 
application of FOM. The analysis also excluded friction as the FAST system does not evaluate this 
property. 
Fabric Garment Manufacturing Stage Pressing Appearance 
Property Laying up Cutting Fusing Sewing 
Relaxation 
Shrinkage 
X X X X 
Hygral 
Expansion 
X X X X 
Bending 
Rigidity__ 
X X X 
Extensibility X X X 
Formability X X 




Table 3.3. Critical FAST Fabric Properties for Garments Manufacturing (Wernyss 1992) 
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3A. 1. Garment Production Systems. 
When fabric is delivered to the garment manufacturer it undergoes a series of processes before it 
reaches the final garment stage. Brackenbury (1992) describes the various types of garment 
manufacturing - fully cut, cut stitch shaped, fully fashioned and integral. The first two methods involve 
the major process of cutting, hence creating a certain amount of waste material whereas the latter two 
methods only involve cutting as a minor operation as the main shaping of the garment takes place 
during fabric manufacture. Only the fully cut manufacturing method Is suitable for woven fabrics but is 
also used extensively for the production of garments from circular vieft knitted fabric to produce leisure 
wear (e. g. T-shirts, sweatshirts, jersey dresses, underwear, etc). The other three types of 
manufacturing process are only suitable for knitted garments and may require different fabric 
production garment assembly machines to those used in fully cut manufacture. However any wet 
finishing process of the fabric associated with these methods of manufacture is usually carried out on 
the final garment, although in fully fashioned garment production a scouring process may take place 
within the sequence of making up. 
This research is mainly concerned with fabrics and processes used In the fully cut method of 
manufacture where the fabric is usually delivered In its finished state. 
FOM has also been used to Investigate the compatibility of fabrics which Is of special interest to the 
interlining sector of the industry, where the correct choice of interlining may be crucial to the garment 
appearance or performance. In their paper on fabric assurance by simple testing, Fan and others 
(1997) examined the compatibility of wool outer fabrics and fusible Interlinings using FAST. The 
prediction of bending properties of fused fabric components was investigated by Kanayama and Niwa 
(1983) and later in 1985, Nagano, evaluated the quality of design of interlinings using FOM. 
The first process the fabric may undergo is inspection, where the fabric Is checked for fabric faults due 
to mechanical or chemical damage, to prevent garments being rejected at a later stage. The fabric Is 
checked against the invoiced fabric length and width to ensure that it meets the customer's order. 
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3A. 2. Fabric Handling. 
In bulk production the next operation is spreading. This involves the manual or mechanical laying out 
or spreading of fabric in layers onto a table ready for cutting. This operation can cause fabric 
dimensional instability problems as any force exerted on the fabric, especially those prone to stretch at 
low loads, can distort the fabric. However this can be reduced by the use of positive feed mechanisms 
or other devices which will allow the fabric to relax before cutting takes place. The process of 
spreading has now been automated with automatic roll loading, doffing, rotation, etc., all reducing the 
manual handling operations. Other devices such as edge sensors, automatic knives for cutting 
between fabric plies, etc., have all contributed to the automation process. Gershon and Grosberg 
(1992) stated that when a fabric panel is fed by a robot it may experience compressive buckle or shear 
buckle. They predicted the horizontal compressive buckle by the use of an empirical method for 
obtaining the critical buckling force. It also showed that the length of fabric that can be pushed along a 
table without buckling is dependent on the coefficient of friction, the ratio of the bending rigidity to the 
weight per unit area, and the coercive couple of the fabric, This buckling of a fabric length can be 
eliminated or reduced by the use of air flotation tables, which are standard In computerised cutting 
systems as a fabric lay (multiple layers of fabric) has to transported from the laying up table to the 
cutting bed without disturbing the plies of fabric. 
The next operation is cutting. This can be done by hand using a range of cutting equipment or may be 
carried out using computerlsed cutting equipment. Which ever method Is used the cut pieces must be 
clearly identified for style, size, lot number, etc. and must be prepared for the subsequent operation of 
garment assembly. This preparation involves the removal (stripping) of the cut pieces from the cutting 
table. This is a very labour intensive process and extensive research has been carded out Into the 
automatic picking up of individual fabric pieces for transportation to other operations. This Is 
collectively known as'pick and place'and has been based on a variety of engineering principles. 
Ito and Kawabata (1985) reported on the Hirakata factory production line which was highly responsive 
by using the information on the fabrics mechanical properties but as yet not fully automated. 
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3.4.2.1. Pick and Place Systems. 
Havelka and Kus (1992) stated that the sewing process takes up to 75% of the time necessary to 
produce a garment and employs two thirds of the total labour in the clothing industry. Total 
automaton is not realistic if the range of clothing produced is large but there is still a need for fabric 
handling operations to be shortened. This could be accomplished by the use of *pick and place" 
systems. 
The following properties could affect the automated picking up of fabrics: fabric thickness, mass, 
rigidity, permeability, elasticity, adhesive force, and electrical charge. Knitted fabrics create processing 
problems due to cud and greater adherence caused by their surface characteristics. The different 
types of picking mechanisms developed by engineers include the following: mechanical, pneumatic, 
adhesive, electricý friction and combined systems. Hall and others (1987) also reviewed the main types 
of systems available. 
Govindaraj and others (1992) described the ' Clupicker' device for automatically picking up fabric 
however they identified that robotic systems vAll need to know simple fabric properties e. g. bending 
rigidity in order for them to be programmed. They also stated that although this process if automated, 
would contribute greatly to the overall production of garments, it must also Increase the flexibility of the 
apparel production system. 
Ono and others (1992) used a robotic hand that sensed one thickness of a fabric, with the system 
being programmed Wth data on the thickness of a single ply of fabric. 
The separation of the top layer of fabric and grasping or holding the fabric Is only one component of 
the problem as the fabric then has to be laid onto another surface In fully automated systems. Gunner 
and Taylor (1990) looked at placing a fabric onto a moving surface and he identified six general areas 
of research in order to produce an automated garment assembly line namely, ply separation, 
transportation mechanisms, orientation, pick and place, fabric manipulation and joining. The study 
investigated placing fabric onto a moving surface- the fud on method, where the timing of the release 
of the fabric is critical to avoid overfurling, and the pull on method. Both methods required the 
coefficient of friction between fabric and conveyor and fabric-to-fabdc friction properties to be 
measured. 
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Eishen and Kim (1993) used bending tests from KES-F to determine the path for a manipulator to 
accomplish the laying down of fabric without wrinkling. 
3A. 3. The Sewing Process. 
In the clothing industry the sewing process is the interaction of fabric and machine to form a seam. 
The type of fabric used will determine the range of machinery and seam suitably for some garment 
styles only 20% of the time taken to produce the garment is spent on the actual sewing operation the 
remaining 80% of the time being spent on trimming, folding, bundling, etc. (i. e. handling operations). 
These processes, although very labour intensive, may not be able to be mechanised due to the 
variability of fabric properties and due to the flexible nature of fabric. 
There are transportation systems which will deliver the fabric pieces to the needle point. These are 
usually controlled by computer and used in UPS (unit production systems) as a part of a quick 
response system. 
However they tend to be very expensive and are more suited to staple products or products where the 
physical handling of the fabric pieces is difficult due to their size or weight. 
Surveys carded out by Kurt Salmon Associates show that the sewing room accounts for 95% of labour 
costs. Therefore retail companies are constantly shopping around for the lowest unit cost. Countries 
whose labour force is cheap to employ can offer garments to retailers at low prices. Recently there has 
been growing consumer awareness about the low level of pay and the poor conditions of these 
employees. In a global market there will always be competition from other countries, often at the 
expense of our own workforce who cannot compete against the low wages. The trend towards quick 
response has meant that there is still a considerable amount of production carded out In this country. 
FOM may mean that companies can survive the competition from cheaper countries. However FOM 
could also be used in the control of garment quality from offshore production units. The Investment 
required to implement these systems is quite large for these countries and therefore will probably 
mean that the application of FOM will stay within the more technologically developed countries. 
Machines are now available which can be programmed to alter the feed settings within a seam. 
Traditionally this was done by a skilled operator who manually manipulated the fabric to achieve the 
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specified effect. Afthough it is an advantage to have a machine which does this automatically if the 
specification (fabric or garment) change, the machine may have to be reprogrammed which will 
involve the expertise of trained personnel. If a change in fabric specifications are known the operator 
can be informed of any changes that may have to be made to the machine. 
There are some fabrics which may be easy to handle and control during feeding but, when sewn, 
produce a seam which is puckered. There are several causes of seam pucker, these will be discussed 
later in this section, but it is a problem which cannot be detected until the seam has been formed and 
even then may take some time to finally appear. The causes of seam pucker are already known and it 
is a problem which only manifests itself in some fabrics. FOM has been used to help identify those 
fabrics Mich are most prone to this problem. Although this problem cannot always be totally 
eliminated it can be reduced by operator skill and/or resetting the machine. Ito (1983) outlines the 
application of FOM to trouble analysis in the process line and gives Instructions to workers about 
special handling or procedures on certain fabrics which are predicted to have making up problems. 
Duke and Duke (1985) compared similar fabrics over a5 year period In an Australian clothing 
company and found that by maintaining the physical properties of the fabric, properties related to KES- 
F parameters stay within a range consistent with good handle and making up properties. Companies 
have already introduced systems where fabrics are coded to alert operators to potential problems 
during manufacture and instructions for the control, reduction or elimination of these problems. Juki 
OR (Quick Response) system took this concept one step forward and Integrated these codes with 
other relevant manufacturing information which was then downloaded onto disks which could be read 
by each operator. 
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3AA Garment Formability, Sewability and Tailorability. 
These terms are related to the process of sewing and the ability of the fabric to be made into a 
garment of acceptable quality. Tailorability tends to be the assessment of the appearance of the 
garment. Some fabrics are easy to make up, cause relatively few problems and have a good final 
appearance while others can cause many problems and /or have a poor final appearance. 
Fabric forrnability has been defined by Undberg and others (1961) as the maximum compression a 
fabric can take up before it buckles, given a certain geometric arrangement. For plate buckling the 
compression limit is dependent on the product of the fabric compressibility and its bending rigidity. It 
can be calculated from the product of the compressibility and the bending rigidity. 
As compressibility is difficult to measure the Inverse of this property, extension, can be substituted into 
the equation. This formula predicts that fabrics with low formability properties cannot be easily formed 
into garments. The FAST system has an equation for formability programmed into the software 
provided and is as follows: 
F=B. (E20-E5yl4.7 
Where F= Formability in mm 2, B=bending rigidity (gN. m) and E5, E20 Is the extensibility at 5 and 
20g/cm, respectively. 
Dhingra and Postle (1980) found that compression in the bias direction for woven outerwear fabrics Is 
between 2.5 and 7 times that of the compression In the warp direction. Formability has also been 
identified as being a contributing factor in the tailorability of garments. 
Sewability has been defined as' the ability and ease with which fabric components can qualitatively 
and quantitatively be sewn together to form a garment! (Shishool 983). 
Fabric with good sewability properties means that the fabric can easily be formed into garments or 
other products with an appearance which is free from seam pucker and stitch damage. Sewability was 
also used as a test for the quality of knitted fabric by the use of a L&M Sewability tester was especially 
designed for knitted fabric. It records the number of times the needle force required to penetrate a 
knifted fabric exceeds a certain limit. This can be used as a predictor of potential needle /stitch 
damage in knitted fabrics. 
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In an effort to reduce the number of defective suits produced to zero, Kawabata and Niwa (1983) 
produced TAV (Total Appearance Value) prediction equations. They showed that TAVs were related 
to the formability component, elastic potential and the drape component. This resulted in the 
formulation of several equations -'KNeql 0' for summer and winter suits (except linen or linen blends) 
and'KNeqlOLC'for linen and linen blend suits. 
Niwa and others (1983) correlated the basic fabric properties and the appearance of men's suits. This 
was achieved by using a production line with relatively young inexperienced workers, apparel 
engineers and selecting fabrics with good making up properties to avoid problems and offered an 
altemative equation to Undberg's formability equation. STRAPS (Swedish Technical Research In 
Applied Production Systems) was set up under the direction of Research and Advisory Committee of 
the Association of the Swedish Ready- Made Garment Industry under the direction of Shishoo (1983). 
Its aims were to develop and adapt suitable techniques for quick and accurate body measurements, to 
characterise material properties which are important in formability, W orability, quality control and 
production processes, to evaluate and develop sensors and other equipment for automation and 
mechanisation and finally to evaluate the feasibility of various garment production systems. 
Shishoo pointed out that tailorability not only covers the process of sewing but also the processes of 
handling, feeding and transportation. He correlated GSD times using CMA (Computer Method 
Analysis) against various mechanical parameters and found that Niwa's equation for formability was 
better than Undberg's. He then found even better correlation using the formula log (bxEMT/2HG5) 
where EMT is level of extension at 50gf. 
3.4.4.1. Seam Pucker. 
Seam pucker is one of the most frequently occurring faults in woven garment production. This term 
applies to a seam which has a slightly gathered (buckled) appearance when a flat seam appearance Is 
desired and hence is usually viewed as a fault. Seam pucker has several well recognised causes. It Is 
normally associated with the sewing operation as it does not appear until the seam Is produced. It has 
also been a concern to garment producers as to why some fabrics are prone to this while others are 
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not. It would be useful therefore to predict or be fore-warned of which fabrics are likely to suffer from 
this problem. Ultimately the industry would like to engineer fabrics which are free from this problem. 
Three dimensional garment shapes can be made from 2 dimensional fabric pieces by either cutting 
and sewing or by shaping using steam pressing and moulding processes. The simplest form of 
imparting a three dimensional shape to a garment is by the use of darts. When darts are used the 
excess fabric produced when moulding the fabric around the body is suppressed into a tapered fold 
which is then usually held in place by stitching. Other means of suppression involve the pleating or 
gathering of the fabric to absorb the excess fabric. However if a ft seam is desirable then a technique 
known as overfeed can be used. If two seams of the same length are sewn together the resultant 
seam will be flat, but if one seam is longer than the other and its excess length is gently eased 
compressed, by overfeeding, to fit the length of the shorter seam then the resultant seam will force the 
fabric on the side of the longer seam to buckle out of plane. This will allow more movement to areas Of 
the body which required a three dimensional fit. It can be executed manually in which case it relies 
heavily on the skill of the machinist, or it can be done with the aid of special feed mechanisms in the 
form of feed dogs, special presser feet or a combination of both. 
In the tailoring of woven garments overfeed is often used on the front and back body and sleeve 
seams of garments to impart a three dimensional shape to an area of the garment which would 
otherwise be restricted if the garment pieces were sewn together In a flat two dimensional form. 
However there is a limit to the amount of overfeed that a fabric can be subjected to before the out of 
plane deformation of the fabric produces an unwanted gathering or pleated effect. Of course In some 
garment styles this may be a requirement of the design and may be deliberately Introduced Into areas 
of the garment for decorative or functional reasons or may be a combination of both. 
However seam pucker may also occur in flat seams e. g. shirt and blouse seams and this Is usually 
caused by other factors when no overfeed is intended. This produces poor seam appearance which 
can often become worse with further laundering. 
The causes of seam pucker have been identified as follows: 
I- Differential pucker - caused when the action of the feed dogs relative to the presser foot 
results in ply slippage; 
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2. Differential fabric stretch - caused when the top ply is stretched the presser foot; 
3. Thread shrinkage occurring when threads are under tension; 
4. Structural jamming which is only found in fightly woven fabrics due to the constructon of the fabric. 
3.4.4.2. Methods of Evaluation of Seam Pucker. 
Seam pucker is caused by contractive forces introduced in the seams during sewing but can also be 
due to the difference in shrinkage between the fabric and thread after laundering. 
The degree of seam pucker has been measured using many different systems in an attempt to 
quantify the amount of pucker present in a seam so that steps can be taken to look at how it can be 
reduced or eliminated. The earlier methods were based on subjective assessment, usually by 
comparison of the seam against a set of standard photographs showing varying amounts of pucker. 
The AATCC (American Association of Textile Chemists and Colourists) developed a visual rating 
system (AATCC 1964). It was designed to evaluate the appearance of wash and wear fabrics and 
seams in finished garments. The sewn samples were compared to a set of photographic standards for 
woven fabric. Other methods involved the use of photo-grammetric interpretation of photographs o 
give 3D co-ordinates of points on the fabric surface. From these co-ordinates the number of wrinkles 
per unit area and height can be calculated and it also has the advantage that it can be used on seams 
or manufactured garments. 
Belser (1968) developed an objective system based on the shadow created by a light falling on a 
puckered seam. Alternatively Shiloh and Grill (1971) used a wrinklemeter for physically assessing seam 
pucker using a traveffling stylus, the geometry of the puckered area then Wing analysed. 
In 1991 Sorensen proposed that seam pucker is not only dependent on the fabric type but also on the 
type of seam and stitch where the appearance of the pucker can change with conditions to which it Is 
subjected after the sewing process. The study involved 3 seam types, 14 different woven cotton or 
cotton/polyester fabrics and samples from different finishing stages together with 19 fabric parameters 
(16 from KES-F and three additional) being determined. From this Investigation Sorensen concluded 
that seam pucker for the set of fabrics chosen were closely related to only a relatively few mechanical 
Properties, mainly bending rigidity, tensile elongation and surface roughness. He produced a linear 
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regression equation for the prediction of seam pucker S =a. log (B. EMT. SMD) +b, where constants a 
and b are different for fabrics before and after laundering for different seam types. 
Amirbayat and Bowman (1991) further related seam pucker to the basic material properties using 
dimensionless quantities. They developed a test method using an apparatus for measuring buckling 
without the need for using bending and extension tests. 
Further sophistication was introduced by Inui and Shibuya (1992) who objecfively evaluated seam 
pucker using laser and ultra sonic technology 
3A. 4.3. The Prediction of Seam Pucker. 
In order to predict seam pucker Rosenblad- Wallin and Cednas (1973) measured the properties of a 
range of fabrics and then constructed a series of overfed samples for comparison. They found that 
with increasing amounts of overfeed the 'limit of contraction' (LOC) could be determined. The LOC 
was defined as the decrease in the length of fabric which can occur before visible puckering of fabric is 
observed and was proposed to be the product of the bending rigidity and the longitudinal compression 
in the plane prior to buckling. 
Dahlberg (1961) further investigated fabric longitudinal compression and suggested that extension 
could be used in place of longitudinal compression. Amirbayat and McLaren (1991) extended these 
studies by identifying theoretical energy required in a seam before seam pucker occurs. 
Stylios and Lloyd (1989) produced several papers on the mechanism of seam pucker and the 
identification of seam pucker due to structural jamming. They correlated the AATCC method of 
subjective assessment with experimentally measured fabric variables to produce a low cost pucker 
prediction method. 
Mahar and others (1983) further discussed causes of seam pucker and formability and described 
seam pucker as a mechanical instability phenomenon. The experimental data examined the effect of 
relative formability on the safe limit of overfeed and suggested that information could be used to 
control overfeed on a machine in order to avoid seam pucker but only if the mechanical and physical 
properties are kept constant. 
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Mahar and others (1989) extended their studies to examine the fabric properties relevant to clothing 
manufacture. In the paper on shape formation in tailoring they found that the lower the shear rigidity 
the more easily the fabric will conform to three dimensional curvatures for warp to warp, warp to bias 
and bias to bias fabric configurations. 
Dhingra and Postle (1986) also studied factors affecting tailorability of a range of finished wool and 
wool blend woven and knitted fabrics and found that the lowest formability was for bias warp knitted 
fabrics and the highest was for knitted fabrics when tailored in the wale direction. The problem of ply 
slippage was also identified as being dependent on fabric construction. 
Stylios and Fan (1991) developed an expert system for predicting fabric sewability and the 
optimisation of sewing and fabric control in garment manufacture known as the sewability system 
(SS). The main part of this system was devoted to seam pucker prediction. 
Stylios and Lloyd (1989) reported on the problem of seam pucker caused by structural jamming pucker 
which irr4olves an interaction between sewing thread and fabric and concluded that if fabric Is 
compressible the threads can recover without causing pucker and the stiffness of the fabric and thread 
control the occurrence of pucker. 
Gupta and others (1992) investigated the directional variations of fabric property measurements and 
seam quality and showed that because of the anisotropic nature of fabrics, bending, shear, tensile 
and surface properties cannot be considered as constant properties, a slight change In fabric 
orientation leading to a change in these values. 
Ruckman (1999) used multiple regression analysis of the fabric property measurements from FAST to 
predict seam pucker and compared their findings with the subjective assessment of the appearance of 
armhole/sleeve seams In men's tailored jackets. These results supported the findings of Mahar and 
others that the correlation between seam pucker and bending parameters ranged from 0.71 to 0.94 
especially for the overfed seam from underarm to back pitch and the overfed seam from the back pitch 
to the shoulder point. He also showed that formability, bending rigidity and fabric weight are strongly 
correlated with the assessment of seam pucker. However they were concerned that the FAST system 
requires substantial investment for small to medium sized manufacturers and that where necessary 
the fabric parameters should be measured on traditional textile testing equipment in order to 
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accelerate the contemporary product concept in small to medium sized textile and clothing 
manufacturers. 
The Juki QRS (Quick Response System) involved the attachment of a diskette of a set of garment 
components and the operator would load the information which would give all relevant making up 
specification e. g. stitch density, thread type etc and any additional information regarding extra care 
required during making up. A study in a factory using this method during 1979-81 showed a 10% 
reduction in substandard products. Niwa and others (1985) presented the results of a similar field test 
lasting five years with the Oga Clothing company. Mahar and others (1989) also followed this line of 
work and looked at the quality of the garment appearance and compared it to the physical properties 
of the fabric in an attempt to predict which fabrics would be prone to seam pucker. 
Machines with automatic overfeed functions are greatly affected by a variation in mechanical and 
surface properties of fabrics. Stylios and Lloyd (1989) developed a device to measure the seam 
pucker caused by structural jamming which eliminated all other causes of pucker. This was based on 
the principle of the L&M sewability tester but it used thread in the needle. 
3AAA. Ply Shift. 
Ply shift Is the slippage of fabrics relative to each other during the formation of a seam. Chopra and 
Had (1999) found that seam slippage was primarily dependent on the coefficient of friction and surface 
roughness of the fabrics. However Little and others (1991) had previously commented that modem 
apparel manufacturing industry requires smaller lots in a faster time and at the same time Increasing 
the percentage of 'right first time products!. Their study focused on the influence of fabric properties on 
sewing performance where ply slippage correlated with different presser feet and fabric 
characteristics. This is a problem especially when manipulating fabrics where accurate fabric pattern 
matching is critical e. g. checks in the front of jackets, etc. Nevertheless machines are available which 
can be programmed with the details of the pattern repeat and control the feed system to speed up or 
slow down fabric plies in relation to each other to give a perfect pattern match ( e. g. Brother 7700 
lockstitch machine) 
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3A. 4.5. Stitch Damage. 
Stitch damage (in the form of holes or ladders) is due to knitted loops not being able to "rob" adjacent 
loops for extra yam to allow needle penetration thus resulting in burst loops. 
Dorkin and Chamberlain (1952) studied the causes of seam damage and suggested that to combat 
this problem the operator should reduce needle size or use a special modified plate or even dampen 
the fabric. Meinander and others (1991) attempted to predict the seam damage due to stitching and 
listed construction, fibre content and chemical treatments, needles, threads and sewing speed as 
possible causes of stitch damage. The L& M sewability tester was used and measured the number of 
penetrations which exceed a certain limit (the Sewability Index) by connecting a force transducer to a 
computer. However this method is relatively slow (only 100 rev/min) compared to an industrial 
machine which can run up to 5,000rev/min. Nevertheless the L&M Sewability tester was adapted to 
measure the peak force. The F index was also measured using HATRASEW which uses an infra -red 
sensor to measure the temperature rise of a needle as it penetrates the fabric. Heat from the needle 
can melt small holes in synthetic fabric, however it appears that fabric finishes do not affected 
penetration force. 
3A. 4.6. Intelligent Machines and Expert Systems. 
Technology and engineering can be used to design textile products and clothing using compute-based 
technology. Postle and others (1985) showed that "the engineering design of fabric and clothing using 
structure dynamic databases requires computer programs that use knowledge and reasoning 
techniques in symbolic processes to solve problems that normally require the abilities of human 
experts and for which algorithmic solutions do not exisf. These systems should have a user friendly 
Interface and it is suggested that a database for each fabric classification and clothing application be 
produced. 
Stylios and others (1992) developed a sewing integrated environment (SIE) which was a new concept 
based on four systems, Le.: 
I -SS - prediction of seam pucker 
SevAng automation; 
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Seam pucker measurement using laser and ultrasonic; 
Sevving damage system. 
3A. 5. Assessment of Garment Appearance. 
The main problem with the appearance of men's suits is the problem of seam pucker, with the causes 
detailed earlier in this chapter. The problem arises when fabrics are stitched together and one fabric is 
overfed in relation to the other fabric to produce "fullness! and impart a 3D shape to areas of the 
garment to fit the body (e. g. front panels and sleeves). If excessive overfeed is used then the resultant 
seam will buckle, and in extreme cases, produces a gathered appearance where a smooth seam 
appearance is required. A Japanese study carried out on 147 samples of summer suits by Nitta 
(1982), Involved the grading of the samples, according to their appearance, by five expert judges. The 
ranking of the fabrics was compared with a predicted equation developed by Nitta based on the 
discriminant analysis of results from tensile, bending and shear properties measured using KES-F 
instruments. This verified the equation as being extremely accurate in discriminating between those 
fabrics which will produce suits of excellent quality or poor appearance. Up until this point the only 
formula used for the prediction of formability was Lindberg's equation which was derived from the 
regression analysis of the fabric properties measured by Nitta. 
Mamiya (1983) studied the appearance of women's dresses and related the mechanical properties of 
five fabrics and 2 styles to their visual properties. Ayada and others (1991) further KES-F data to 
select fabric when designing to give the desired appearance of the silhouette of ladies garments. 
Izumi and Niwa (1985) studied the dynamic drape of ladies dresses and In 1992 Kawabata and Niwa 
produced findings on the objective evaluation of the quality of Ladies! garments which they found to be 
limited due to the diversity of garment styles. 
Biglia and others (1990) in their study of garment appearance and retention showed that the 
measurement of crease angle is useful in the prediction of pressing performance and garment 
appearance. 
Dhingra and others (1985) used the KES-F system and subjective assessment to obtain empirical 
relationships for the optimisation of properties in menswear suiting fabrics. 
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The other main factor which can influence the appearance of suits is the effect that hygral expansion 
can have during processing. As wool suits undergo several under- pressing operations during make 
up then any changes in temperature or humidity can have an adverse effect on the fabric properties 
and cause production problems. In companies where progressive bundles are used as a means of 
transportation between sewing operations, fabrics have an opportunity to stabilise between 
operations, unfortunately in factories using UPS (Unit Production System) the throughput time of a 
garment is relatively short and therefore the fabric does not have time to stabilise. The appearance 
therefore depends upon a number of factors - modelling and applied forces (gravity), constraints 
(seam) and ambient media (conditions) and supporting surfaces ( body shape and dimensions). 
3A. 6. Fabric Modelling. 
This Is often referred to as 'drape modelling' and usually involves the theoretical modelling of a fabric 
over a solid shape. The increase in the use of CAD for the 3D visualisation of fabrics in garment form 
has allowed significant progress In research in this specialist area. As mentioned earlier in this review, 
a fabric drapes by folding, buckling and shearing, the overall relationship being complex leading to 
several different approaches have been used on a micro-mechanics level. 
Geometric modelling was first introduced in the 192(Ys and 1939s. The shell theory has been described 
as a collection of schismatic sections but this assumes that shells are rigid forms and concentrates on the 
small strain / small displacement theory. 
There are three main approaches* 
1. Classical theory of elasticity. This is used when boundary conditions are simple, strains are small and 
the material is linear and isotropic; 
2. Finite element theory. This can be a) particle based models where microscopic behaviour Is modelled 
and applied to small elements of a mesh or b) based on statistically derived equations to define the 
properties of elements of the modelled theory; 
3. Inextensible cords (rod elements) where theoretical small weights are attached on a grid at Intervals; 
The most popular approach is the Finite Element approach in which low level rnlcroscopic interactions 
Wthin a material are calculated and then incorporated to simulate the macroscopic behaviour. 
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Shanahan and others (1978) concluded that the basic Shell and Plate theory used by engineers should 
only be considered for small deformations of linear elastic materials and that draping was a small strain/ 
large deformation which was not suitable for this type of analysis. For small strains fabrics exhibiting visco- 
elastic behaviour and frictional slip, the response is non-linear, imperfectly recoverable and time 
dependent. A linear elastic theory was developed which provided an acceptable approximation to allow a 
framework for considering problems of complex deformations. 
Amirbayat and Hearle (1986) related the drape coefficient to two dimensionless groups to provide a 
simple plot of drape values based on membrane strain energy, bending strain energy and potential 
energy. This offered the advantage of not having to use specimens of different sizes for different bending 
lengths. They also stated (1989) that the existing theories of drape are based on small strain and small 
displacement theory applicable only to rigid forms. 
Postle and Postle (1992) studied the importance of fabric bending in the evaluation of fabric drape as a 
first step to modelling the draping properties of fabrics. Breen and others (1994) also produced a drape 
simulation based on an interacting particle theory based on the microstructure of woven cloth and was 
compared to actual drape. 
Chen and Govindaray (1995) used the flexible shell theory which considers the fabric as a continuous 
orthotropic flat sheet. Tensile and shear moduli were measured and used as a comparison to the 
theoretically Predicted drape characteristics by Chamberlain for knitted fabrics and Peirce for woven 
fabrics. 
All of these models have been used, however the sheet metal and plastic models are very approximate as 
the fabric is anisotropic and its mechanical properties may vary considerably between the weft and warp 
directions. The differences may be due to fibre properties or fabric construction. It is further complicated 
bY the introduction of seams to construct 3D garments from individual 2D garment pieces. Fabrics are not 
homogeneous sheets and complex shapes of fabric involve areas of double curvature. 
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3.5. Summary of Uterature Review. 
The literature review in this thesis is a study of the methods and systems associated with the 
measurement of mechanical and surface properties of fabrics and their application in the textile and 
clothing industry. In several cases test methodstimstruments have been grouped together Into 
systems, the best known of these are the KES-F and FAST systems which are commercially available. 
These two commercial FOM systems were primarily produced mainly for woven fabrics with limited 
research having been undertaken into methods suitable for knitted fabrics. However there has been 
limited interest by industry in these system outside Japan and Australia. 
Most of the tests carded out on fabrics by industry in quality checks, relate to the fabric's physical 
properties which are easy, cheap and quick to perform. As far as the knitted fabric industry Is 
concerned the systems available do not include a suitable method for the measurement of bending. 
As previously discussed the cantilever type bending test is not always suitable for single Jersey fabrics. 
Pure bending methods can also present problems, as well as being expensive and time consuming as 
each face in each fabric direction must be measured. Neither system includes a method of measuring 
fabric-to-fabric friction, a vital property when studying making up problems in the garment production 
industry. 
Therefore the main conclusions from the review are: 
* Most fabric property measurement systems are suitable for woven fabdcs 
* The commercial systems available are used mainly in research institutions and so do not Include 
the measurement of characteristic properties which are vital to the success of the garment 
manufacturing process. 
Such a system vmuld require the following criteria: 
" Relatively inexpensive; 
" Relatively simple operation (avoid operator handling); 
" Versatile - suitable for a range of fabrics; 
" Sensitive within a range of knitted fabric types; 
" Ability to provide information which could be used to determine established parameters and possibly 
new parameters. 
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This may lead to more companies to take on board FOM testing, as part of their quality assurance 
procedures at each stage of testing during the finishing of fabrics. 
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Three groups of knitted and one group of woven fabrics, having diffefing physical and mechanical 
properties were used for the assessment and validation of the test methods. Group &B and C control 
fabrics mere used for tests for the preliminary assessment of the test methods. Group A control fabrics 
consisted of a range of woven fabrics, with known differences in bending and drape properties, and were 
used in the assessment of the bending and subsequent the drape methods using the Instron. Group B 
control fabrics were manufactured to the same knitted stnxAure from a common yam but were knitted 
using different machine tensions to produce a set of comparable fabrics which could be used to assess 
the tests for bending and frictional properties. Group C control fabrics were similar in construction to the 
test fabrics (group D) but were differed in yam linear density using different types of spun yams and were 
produced on different gauge machines. Group D test fabrics were obtained at six different stages In the 
finishing roLde of a single jersey fabric. 
As fabrics exhibit anisotropic behaviour i. e. they can produce different results when measured In different 
directions and also can be affected by the surface of the fabric tested i. e. technical face or back, all 
results presented state the surface and direction of the test where appropriate. 
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4.2. Control and Test Fabric Details. 
4.2.1. Group A Control Fabrics. 
This group consisted of 10 vioven fabrics. Fabrics All, A2, A3, A4, A5, A7, AB, A9, and AIO were plain 
weave fabrics while fabric A6 had a 2/2 twill structure. Fabrics A4, A5, A6, A7, A9 and Al 0 had been 
printed on one side which is referred to as the face in experiments. The self coloured plain weave 
fabrics, although showing no obvious differences between the two surface, were marked on one side of 
each fabric so that any comparisons between the fabric specimens were consistent. Figure 4.1 shows 
the face and back for those fabrics which had a difference between their two surfaces and the face only 
shown for fabrics Mich had no apparent differences between their two surfaces. Their physical 
properties are given in Table 4.1. This group of fabrics were used to assess the new methods developed 
for the measurement of drape properties against existing test methods using specialised equipment. 
Group A Cont rol Fabrics 
All A2 A3 A4 A5 AS A7 AS AS AIO 

















Ends per cm' 20.43 19.64 18.07 29.92 31.42 34.33 33.07 28.5 37.09 30.71 
Picks percm' 18-22 18.28 16.3 25.59 29.92 20.63 1 28.5 23.86 1 
30. 28.27 
Areal Density 









measurea accoraing to tszilU[4-Z: 19V4 
Measured according to BS 24711978 













Figure 4.1. Group A Control Fabrics Visual Appearance and Construction 
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4.2.2. Group B Control Fabrics. 
Group B fabrics had a weft knifted "double Swiss pique construction. Figure 4.2 shows the technical 











Figure 4.2. Knitted Structure of Group B Control Fabrics 
The knitted fabdcs were constructed from 16.7 Tex 100% false twisted texturised continuous filament 
polyester yam. The knitting machine was set at different tensions to produce three different qualifies 
(fabrics BI, B2. and B3), their construction and physical properties are given in Table 4.2. Half the 
quantity of each of the fabrics were wet finished to produce fabrics 134, B5, and B6, respectively, to 
give a wider range of properties. Fabrics BI, B2, and B3 underwent a dry relaxed treatment for 24 
hours in a standard atmosphere prior to testing while fabrics B4, B5, and B6 underwent a wet finishing 
treatment according to HLCC6 (Home Laundry Consultative Council) which is a 4CPC wash followed by 
being flat dried and then conditioned for 24 hours in a standard atmosphere prior to testing. This group 
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of knitted fabrics were only used in the preliminary tests for the measurement of surface properties as 
they had more defined geometrical surfaces than those of group A fabrics and their structure differed 
visually between the technical face and back of the fabrics. 
G roup B Co ntrol Fabrics 
- - 
BI B2 B3 B4 B5 B6 
Wale s1cm 10.5 10.5 11 11 11 11 
Coumeskm 14 13.2 11 15.5 15 12 








186.1 197.6 179.5 
I- 
Table 4.2. Construction and Physical Properties of Group B Control Fabrics. 
'Measured according to BS 2862 1974 
4.2.3. Group C Control fabrics. 
This group consisted of 39,100% cotton single jersey fabrics which had undergone an Identical 
finishing route as group D test fabrics. The structure and technical face and back of a typical plain 
single Jersey fabric is illustrated in Figure 4.3. The fabrics were constructed from yams of differing 
linear densities, different spinning systems and knitted at different qualities. The physical properties 
and production details are listed in Table 4.3 and were the control fabrics for the measurement of 
bending, drape and friction properties. Other relevant fabric properties( stitch length and Cover Factor) 
are given in Table 8.1. These fabrics were utilised to determine the sensitivity of the novel test 
methods against results obtained from existing specialised dedicated equipment. 
Technical Face Technical Back 




















CI-3 16 75 OE 174-200 42 
C4-7 16 75 OE 149-169 33 
CB-11 28 65 OE 128-143 20 
C12-15 18 65 Co 167-196 33 
C16-19 24 65 Co 137-166 25 
C20-23 24 65 Co 124-145 21 
C24-27 24 65 Co 119-139 18 
C28-32 24 65 CD 107-121 21 
C33-36 28 65 Co 93-104 16 
C37-39 28 65 CO 93-104 12 
ut - carcea, Kator spun cu -. (; araeci, King t; pun UU --t; OMDeC3, King bpun 
Table 4.3. Physical Properties and Production Details of Group C Knitted Control Fabrics. 
4.3. Group D Test Fabrics. 
The test fabric was 100% cotton single jersey fabric, produced from 20 Tex yam, with a target finished 
mass of 140-150 g/M2 . The fabric was tested at each of the 6 stages along a normal 
finishing route 
(Table 4.4) for single jersey cotton fabric. This would allow the effect of the finishing stages on the 
physical, mechanical and surface properties of the fabric to be investigated. 
Finishing Stage Fabric Weight (gcm") 
Gdege Dl 137.5 
Scour, bleach, hydroextract, dry (tubular) D2 145.9 
Dye (blank), hydroextract, dry (tubular) D3 148.3 
Hydroextract, slft, flap, dry (open width) 1W 
Stenter dry, edge gum (open YAM) D5 139.8 
Compact finish (open width) D6 144 
Table 4A Group D Test Fabric Production Route. 
The single jersey fabric was produced at Textured Jersey Ltd, Leicester and the finishing details 
provided by the company are as follows: 
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Scouring 
This is to remove any impurities in the fabric and wet it ready for the next process. The tubular fabric 
was scoured at 600 C in Jet Dyeing machine. 
Bleaching 
This is to remove the natural colouration of the fabric to allow for further coloration process if required. 
The fabric was bleached in the Jet Dyeing machine using 3% peroxide based bleach. 
Hydroextraction 
This is the removal of excess water. The fabric was subjected to 3minutes in a Broadbent 
hydroextractor. 
Dyeing (blank) 
This coloration process, was performed in a Jet dyeing machine 850 followed by rinsing and drying. 
Slitting 
This is the operation of opening-up of the tubular fabric into open width fabric ready for subsequent 
finishing stages (Figure 4.4). 
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Figure 4.4. Tubular Fabric Slifter 
Stenter 
The edges of the fabric are held horizontally by pins or clips at the edges which are attached to a 
chain which can be set different distances apart (Figure 4.5). The distance across the pins Is 
increased until the required width is reached, set using steam and then dried. The edges of the fabric 
are gummed to avoid damage during this operation. The fabric used in this research was stentered on 
a Babcock stenter at 1400 C. 
selvedge of 
Figure 4.5. Stenter (Carty and Byrne 1987) 
Compact Finisher 
This operation imparts a fuller softer handle to the fabric as it compresses the fabric In the wale direction 
by overfeeding the fabric between two plates (Figure 4.6) It reduces the shrinkage potential of the fabric 
during subsequent laundering operations and helps to relax the fabric. The fabric produced by Textured 




closed up fabric 
rubber bkoket dmetjtsb\ýý warp&weftyarns bear, ,. oe a ýd  
fabric 
Figure 4.6. Compact Finisher (Carty and Byrne 1987) 
4.3. Test Apparatus. 
The test instrument used was an Instron 4302 Tensile Tester which Is a CRE (Constant Rate of 
Extension) machine. The instrument is a table mounted model and consists of a fixed bottom clamping 
housing unit and a cross-head which traverses in a vertical direction directly above the bottom clamp 
(Figure 4.7). 
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Figure 4.7. Instron 4302 Tensile Tester 
A load cell viras placed in the cross-head and secured in place by a set of screws. The load cell cable was 
connected to the main structural unit of the instrument. The Instron tensile tester was interfaced with a 
computer which can measure the load, in real time, as the cross-head moves. A specialised software 
package (Series W was used to analyse the data recorded during the test. 
AM tests were carded out in a standard conditioned atmosphere, 65% R. H. and 700C. 
The levels of significance tested are usually at the 5 and 10% level (unless otherwise stated). 
A level of 10% indicates that there may be a significant statistical difference but further poof is required 
to confirm this. A level of 5% shows a good indicator that the statistical difference is significant and a 






The different systems used for measuring the bending properties of fabrics have been discussed In 
section 2.3.3. with the most common methods being the cantilever system where one end of the 
specimen is secured and the other is allowed to hang over an edge and the pure bending method in 
which both ends of the fabric are held and the fabric forced to bend along a pre-determined arc. Other 
methods have involved the measurement of the height of a static loop formed when fabric Is folded 
back on itself. However one of the problems with this method is that the loop height Is difficult to 
measure as loops often distort laterally making accurate measurement difficult. However this method 
Is more representative of the way fabric folds under gravity during processing. Therefore the possibility 
of combining features of both methods by controlling both ends of the specimen during the formation 
of a dynamic loop and using the information from the load - displacement graph produced by a tensile 
tester was investigated. 
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5.2. Experimental (Group B Control Fabrics). 
5.2.1. Method. 
The study of loop formation, on a solid surface, for the measurement of the bending properfies has also 
been explored by researchers (Stuart and Baird 1966, Lloyd and others 1978, Zhou and Ghosh 1997). In 
addition the use of a tensile tester for the measurement of the buckling of fabric has been well recorded 
by researchers (Grosberg and Swani 1966 part 3). However testing usually stops when the fabric 
specimen starts to bend out of plane, however, if this was allowed to continue the fabric would eventually 
form a loop. Therefore a method was investigated in Mich the two methods are combined to allow a 






Figure 5.1. Bending Plafform for Instron 4302 Tensile Tester 
The solid surface took the form of a raised platform situated directly under the cross head of the Instron 
tensile tester. The platform was made from 3mm thick plastic with four studs which fitted Into the four 
locating holes under the cross - head of the I nstron tensile tester (Figure 5.1). 
The platform was designed to grip the lower end of the fabric specimen between two sliders situated In 
the centre of the platform. The other end of the fabric was clamped In the upper jaws of the cross-head 
(Figure 5.2a). 




Figure 5.2. Formation of Loop on Platform 
A compressive test mode was used and the displacement limit set to zero. When the fabric had 
completed a fold the distance on the load-displacement graph, between the two folds, was set manually 
(using a cursor) and the distance calculated. The test specimens used measured 5cm x 52cm and it was 
envisaged that two loops could be formed by the same fabric strip which would allow bending of the face 
and the back of the fabric to be measured in one operation. This would avoid fabric handling between 
tests, however preliminary trials using paper showed that this specimen length was too short for 
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materials which formed large loops. Tests were carded out using longer specimen lengths of fabric but 
these proved difficult to prepare and there was also a greater problem of fabric distortion during testing. 
Therefore the bending of the face and back of the fabric was performed separately and a simple method 
was devised to allow the use of the same specimen to reduce testing time and operator handling. 
When fabric is lowered onto a flat surface the first loop will tend to form in the direction of least 
resistance, however when the specimen is mounted centrally the operator does not know in which 
direction the fabric will buckle and fold first. The procedure is repeated with any "slack7 In the fabric 
specimen being manually positioned to which ever side would encourage loop formation in the required 
direction. In this way the technical face and back of the fabric could be tested with minimum handling by 
an operator allowing the anisotropy of the fabric to be studied. 
The test procedure was as follows: 
1. The specimen was prepared by marking and cutting around a plastic template of dimensions 52cm x 
5 cm. A reference line was marked on the specimen 1 cm from each end of the specimen; 
2. The platform was put into position under the cross - head and the upper jaw distance set to 50 cm 
above the level of the platform; 
3. The reference mark was used to line the vertical position of the upper end of the specimen In the top 
jaws; 
4. The other end of the specimen is gripped by the bottom sliders along the second marked reference 
line (this should eliminate any unnecessary slack in the specimen); 
5. The test method is set to compressive mode, the gauge length is set to zero and the maximum 
displacement set to 45 cm (to avoid a jaw /platform crash); 
6. The test is started and the test is stopped manually after the first loop has been formed and as the 
second fold starts to form; 
7. The distance between the fold and the start of the second fold is measured using the manual cursor 
settings on the load-displacement graph on the screen; 
8. The test is then repeated twice more (steps 6 and 7) on the same specimen and the average of the 
displacement recorded; 
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9. Steps 6,7, and 8 are then repeated on the specimen with the bottom edge of the specimen being 
manually pushed to the appropriate side to encouraged a loop to be formed in the opposite direction. 
The test speed was 150mm/minute and sampling rate was 10 points per second. 
Group B control fabrics were used to assess the repeatability using three specimens from the same 
fabric (each specimen being measured twice in one direction on the same side of the fabric) as the 
fabrics had a different face and back physical surface structure The results were compared to the 
bending length results in the same direction (course) measured by the Shirley Stiffness method 
according to BS3356 (1961). 
5.2.2. Results and Discussion 
A typical load displacement graph and the relative stages of loop formation are illustrated in Figure 5.3. 
'a op 11 B endng Lffxft 
DispkK; emert to 
Figure 5.3 Load Displacement Graph and Loop Formation Stages 
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The standard deviation (S. D. ) and the coefficient of variance (C. V. ) of the 6 repeated tests for group B 
control fabrics are shown in Table 5.1. and the statistical analysis confirmed that the test results from 
both methods fell within the 99% confidence limits. 
Shirley Stiffness Test 
Bending le gth In cm. 
Instron Bendin 
Length of I op in 
g 
mm. 
TEST# B1 B2 B3 E34 
1 
135 E36 B1 B2 I B3 B4 135 B6 
-1 3.7 3.75 3.55 3.4 3.6 3.2 195 205 199 184 214 174 
2 3.85 3.8 3.55 3.2 3.85 3.6 1 197 213 203 175 212 179 
3 3.85 3.9 3.55 3.4 3.55 3.15 201 211 200 177 210 178 
4 3.7 3.7 3.5 3.15 3.55 3.15 203 215 199 181 212 1 
177 
_ 5 3.7 3.75 3.65 3.2 3.6 3.05 _ 200 204 205 184 207 174 
6 3.64 3.7 3.5 3.15 3.55 3.15 205 209 200 181 206 170 
e age v V r  
A 
3.7 3.7 3.5 3.3 36 3.2 200.7 209.5 201 180.3 210.1 V5.3 
r 
D 0.08 0.07 0.05 0.11 
1 
0.11 0.19 3.76 4.37 2.44 3.66 3.17 3.36 
-q. 
v 2.1 1.9 1.5 3.4 4.7 5.9 1.8 1 2.1 1.2 , 2.0 1.5 1.9 
Table 5.1 Shirley Stiffness and Instron Bending Method Data 
for Group B Control Fabrics. 
The range of coefficient of variation is 1.5--5.9% for the Shirley Stiffness method whereas the range for 
the Instron method is lower at 1.2 - 2.1%. The results from group B control fabrics were correlated 
against the bending length results from the Shirley Stiffness tester giving a correlation value of 0.9244 
which is significant at the I% level. 
Therefore it vas considered that this method could be used as a method to measure the bending 
properties of fabrics in further viork 
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5.3. Experimental (Group C Fabrics). 
5.3.1. Method. 
The same method as described in section 5.2 was used for the group C control fabrics (single jersey) 
but results from the Instron method could not be obtained as the fabric specimens distorted, due to 
curling, during loading and rendered the tests invalid. 
5.3.2. Results and Discussion. 
The Instron test was not suitable for group C type control fabrics (single jersey construction) due to the 
curling effect of the specimen edges. It was therefore decided to investigate other suitable methods 
which could be used for knitted fabric which would involve the testing of a specimen shape with less 
propensity to induce uncontrolled distortion. It was therefore decided to explore the possibility of using 
another mechanical property associated with isotropic bending properties, for example draping, In Mich 






In Chapter 5 it was found that the I nstron method of measuring the formation of a loop was suitable for 
group B control fabrics but it was not suitable for group C control fabrics and therefore would not be 
suitable for group D test fabrics due to the similar construction of the fabrics. Therefore it was decided 
to use a test specimen shape which would be easy to handle and would not be as prone to cuding as 
smaller specimens regardless of their construction. Any square specimen would tend to cud along the 
edge parallel to the course direction, therefore the shape that was thought to be most suitable was a 
circle as this would tend to reduce the curling effect. 
The method used in the Cusick Draperneter, in which a circle of fabric, supported by a platform 
consisting of an inner and outer support rings, is allowed to drape under gravity by lowering the outer 
platform, was utilised. Technically it would have difficult to produce a platform for the Instron in which 
an outer support ring was lowered. This problem was solved by producing a platform In which the 
inner ring could be lifted by the cross head of the Instron, while the outer ring remains stationary 
(figure 6.1). 
CENUM PIN 
OUTER SUPPORT IK 
Figure 6.1. Instron Drape Plafform 
The fabric specimen rests on the inner and outer support disks disc (Figure 6.2a) and the cross-head 





Figure 6.2. Stages of the Instron Drape Test 
The Instron tensile tester was used to measure the load against the vertical displacement of the 
circular specimen as it was lifted up from the surface of the platform. To initially evaluate the 
experimental design a preliminary study was performed using a piece of card to represent a rigid 
specimen. The full might of the card was supported as soon as the cross head moved upwards with a 
characteristic load-displacement graph produced, Figure 6.3. 
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Figure 6.3. Load Displacement Graph for a Rigid Material using the Instron Drape Test. 
Obviously the greater the draping properties of the test specimen the greater the displacement before 
the full vmight of the specimen was supported by the cross-head. 
The specimen size and the dimensions of the supporting disk used by the Draperneter was utilised so 
that measurements from both systems could be compared. A circle of fabric of identical size to that 
used for the Cusick Draperneter (360mm diameter) is lifted from a stationary platform by the cross-head 
of a tensile tester machine. The load and displacement of the cross-head is recorded until the circle of 









Figure 6A. Dimensions of the Instron Drape Platform 
The area under the load-displacement curve was calculated, divided by the maximum load and compared 
with the theoretical area for perfectly fleMble and perfectly stiff materials. 
To calculate the area under the graph for a perfectly flexible material, At 
the total weight of the sample, M., when the cross head has moved 90 mm, will be: 
mx =d/7r 
= d; r(I 80)' kg 
= d; r32400kg 
When the cross-head has moved x mm, the total weight of material supported, Ký will be 
Mx = d; r(90 + x)'Kg 
(Where d is mass per unit area in Kg/mO) 
















R32400 2xl8O 4 
Subsfitufing for x= 90 
= 7.5 + 22.5 +22.5 
At = W-5 
Figure 6.5. shows the theoretical curve for a perfectly flexible fabdc, tested according to the method 
above. The Y axis is a'normalised' load i. e. the actual load divided by the maximum load. The maximum 








0 10 20 30 40 50 60 M 80 90 
Displacement (mm) 
a 
Figure 6.5. Theoretical Curve for a Perfectly Flexible Fabric. 
For a perfectly flexible fabric, the load should increase to 25% of the total might of the specimen as sow 
as the cross-head starts to rise. 
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This is because a 180 mm diameter disc of material will be supported at that instant, which is 25% of the 
total area and thus 25% of the total weight. 
To calculate the area under the graph for a perfectly stiff fWxic, A,: 
the load will rise to the maximum load, K, as soon as the cross-head moved therefore 
A. = 
Mx 
x9omm = 90 mt 
To obtain a drape coefficient (DC%) we need to compare the extra area due to stiffness A, - At with the 
maximum theoretical area, A,, -A. where A, is the actual area under the real curve. 
-At X100 DC 0) 
Aa 
Am - At 
From the above calculations A, - A4 is equal to 90 - 52.5 = 37.5 
A sample load-displacement graph is shown in Figure 6.6. 
Figure 6.6. Sample Load - Displacement Graph fbr the Instron Drape Test 
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The software (series 1X) on the Instron allows displacement at pre-set limits, i. e. associated parameters, 
to be calculated. The first limit was set at 0 mm and the end limit was set to 90 mm. To obtain the total 
weight of fabric, K, the average load between 91 and 99 mm displacement was taken (after the maximum 
height had been reached). 
A range of fabrics were examined with the relationship between the drape coefficient (DCO/o) from the 
Cusick Drapemeter and the Shirley Stiffness test bending length (BL) being established. Group A control 
fabrics were used initially to assess the method for repeatability and inter - operator trials. A selected 
range of group C control fabrics were then used to test the suitability of the method for plain single jersey 
knitted fabrics before the final tests were performed on group D test fabrics. 
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6.2. Experimental (Group A Control fabrics). 
6.2.1. Method. 
The testing procedure was as follows: 
A 36 cm diameter specimen of fabric was prepared. 
2. The specimen was loaded centrally onto drape platform. 
3. The load of the 18 cm diameter support disc (d) plus the support jaw 0) was set to zero. 
4. The cross-head was lowered so that the support disc is just touching the lower plate (p). 
5. The test was started. 
6. The test was stopped manually when the fabric is completely supported by the inner disk. 
7. Steps 4 to 6 were repeated three times for the same specimen. 
8. The specimen was removed, flipped over and steps 2 to 7 repeated. 
9. Steps 4 to 8 were repeated again for another specimen from the same fabric. 
Test speed was 100mm per mintAe and the sampling rate was 10 points per second. 
6.2.2. Results and Discussion 
The coefficient of standard deviation was compared for the Instron and Cusick methods for sample Al. 
and were found to be similar with both tests having a calculated coefficient of variation (C. V. ) of 2.5%. 
Con trol Fabric Al 





1 21.3 2ý 5 
2 20.6 . 25.6 
3 20.0 26.9 
4 19.9 26.5 
5 20.5 25.3 




Table 6.1 Cusick and Instron Drape Test Data for Fabric Al 
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The average D. C. (%) was calculated for all fabrics in group A and the results given in Table 6.2. 
G up A ConW Fab rics 
Al A2 A3 A4 A5 AG A7 AS A9 AIO 
Cusick 26 01 25 53 26 16 12 09 31 09 41 74 23.7 21.17 39.69 39-69 D. C. (*/o) . . . . . . 
Instron 20.4 15 48 23 57 14 85 36 51 45 28 30.27 28.01 27.29 43.78 D. C. (*/o) I . . . . . I 
Table 6.2. Cusick Drape Coefficient and Instron Drape Coefficient Data for Group A Control Fabrics 
The correlation between the two tests was 0.834 which is significant at the I% level Mich indicates 
good correMon between both methods for group A control fabrics. 
Inter-operator trials were carded out by experienced experimentalists using the Cusick Drapemeter 
test (BS 5056 1973), the Shirley Stiffness test ( BS 3356 1961) and the Instron Drape test followed 
the specimen preparation used for the Cusick Draperneter. 
Test Method 
Instron 









Operator #1 Operator #2 Operator #1 Operator #2 Operator #1 Operator #2 
Fabric 
Al 20.40 17.04 26.01 24.55 1.70 1.50 
A2 15.48 19.04 25.53 25.15 1.45 1.55 
A3 23.57 19.59 28.16 27.75 1.69 1.59 
A4 14.85 14.89 12.09 13.25 1.18 1.29 
A5 36.51 25.2 31.08 26.75 1.73 1.75 
A6 45.28 36.85 41.74 34.22 2.02 2.12 
A7 30.27 30.17 23.7 24.4 1.59 1.63 
AB 28.01 25.51 21.17 20.88 1.51 1.63 
A9 27.29 21.05 22.58 21.96 1.53 1.63 
A10 43.78 40.81 39.69 45.95 2.14 2.20 









Instron (DC%) 0.9224 
O t #1 Cusick (DC%) 0.91603 pera or Shirley 
101 1 0.9227 
Table 6A. Correlation of Inter-operator Trials for Control Group A Fabrics 
Although only two W led operators were involved in the study nevertheless the Instron Drape test 
performed well in inter-operator trials when compared to other test methods for the same group of 
fabrics with all the tests having high correlation values (Table 6.4) which are all significant at the 1% 
level. 
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6.3. Experimental (Group C Control Fabrics). 
6.3.1. Method. 
The method used in section 6.2.1 was used to measure the Instron drape coefficient of fabrics. As 
these are single jersey fabrics more care was taken during handling so as not to stretch or distort the 
fabdc. 
6.3.2. Results and Discussion. 
Results show that Instron Drape has a high correlation value (significant at 1% level) Ywith the Cusick 
test method. The Instron Drape test performed well in inter - operator trials when compared to other 








B. L (cm) 
C1 16.9 16 1.22 
C2 17.32 16.8 1.21 
C3 14.86 is 1.05 
C4 15.71 15.5 1.11 
CS 15.86 16 1.09 
C6 14.37 14.89 1.1 
C7 14.76 15 1.05 
CS 14.43 15.02 1.04 
C9 13.35 15 1.01 
CIO 13.38 15 ý1.07 
Table 6.5. Cusick and Instron Drape and Shirley Stiffness Test Data for Group C Control Fabrics (CI-10) 
Cusick DC Shid-ey Stiffness (BL) 
Instron DC 0.891 0.821 
Cusick DC 0.869 
Table 6.6. Correlation of Results for Control Group C Fabrics 
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6.4. Experimental (Group D Test Fabrics). 
6A. l. Method. 
The same method, as described in section 6.3.1., was used but vAth the added refinement of 
measuring the bending rigidity using the KES-F system. 
6A. 2. Results and Discussion. 
KES-F tests were completed on these fabrics (Appendix B) and the results of the bending test were 
correlated against the other methods. 
Cusick DC% Shirley KES-F 
Stiffness (BL) Bend. Rigidity 






Group D Test Fabrics 
* Only 5 fabrics used 
Table 6.7 Statistical Correlation Data for Group D Test Fabrics 
The correlation between KES-F Bending test and the Shifley Stiffness test is high (significant at 1 
level) although only 5 fabrics were tested as fabric DI could not be measured using the Shirley 
Stiffness test due to excessive distortion of the specimen. 
The correlation between Cusick Draperneter and Instron is also high (significant at 1% level) as was 
the correlation between Cusick Draperneter and the Shirley Stiffness test. 
However the correlations between the KES-F and both the Instron and the Cusick Draperneter mre 











Figure 6.7. Effect of Finishing on the Instron Drape Coefficient for Group D Test Fabrics 
Where DI= Griege, D2=Scour, bleach, hydroextract, dry (tubular), D3= Dye (blank), hydroextract, dry (tubular), 
D4=Hydroextract, sift, flap, dry (open width), D5= Stenter dry, edge gum (open width), D6= Compact finish (open width) 
From Figure 6.7. it is evident that the finishing process makes a significant difference to the drape 
properties of knitted fabrics with a reduction of 33% in the measured compared to the greige fabric. 
However, the dyeing process was shown to reduce the drape coefficient by 5% compared to the 
greige fabric state probably due to the relaxation of the fabric. 
Overall the Instron Drape method has good correlation with the existing Cusick Drape test (where the 
fabric is allowed to bend under the influence of gravity) for all three groups of fabrics and a high 
correlation with the Shirley Stiffness test for Group A control fabrics (woven). However it had a low 
correlation with the KES-F bending test for group A control fabrics and group D test fabrics. This is 
probably due to the nature of the sample where the two drape tests measure the isotropic bending 
properties within one test and the effect of the interaction of the bending in the different directions are 
measured in these methods, whereas the Shirley Stiffness tester and the KES-F bending test measure 
the anisotropic properties without the interference of bending forces from other directions. Therefore 
the two drape tests are compatible and further work would have to be carried out to allow the use of 
drape measurements (on the Cusick Draperneter and the Instron) as comparable methods with the 
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Dl D2 D3 D4 D5 D6 
Finishing Stage 
KES-F bending and Shirley Stiffness methods. However it has been demonstrated that the Instron 
drape test: 
& can be used as a comparative test to distinguish between fabrics at various finishing stages for 
plain single Jersey fabric Men used as an alternative method to the Cusick Drape test; 
e can provide more realistic results for the performance of fabric bending / drape due to fabric being 
allowed to drape under own weight; 
4, could be used for further work on the dynamic movement of fabrics during wear and used in 
research in drape simulation software packages; 
* was shown to be reproducible and the results could be further analysed to study the dynamic draping 
properties of fabrics. 
However the Instron could still be improved by improving the design of lifting platform on Instron and 
the incorporation of a more sensitive load cell. Possible the latter would further improve the correlation 
between the I nstron Drape method and the KES-F system. 
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7 
FABRIC SURFACE PROPERTIES 
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7.1 Introduction. 
One of the problem areas in fabric handling is the slippage or adhesion bebmeen fabrics. This Is 
affected by the surface characteristics of the fabric which can be affected by mechanical and/or 
chemical finishing. Fabrics which slide over another surface easily have a low Coefficient of Fdcfion 
(COF) and fabrics which have a high resistance to movement have a high COF. Table 7.1. 
summarises the main problems caused by fabrics vvith a low COF and a high COF. 
Process Problem Directional Fabric to Fabric 
Orientation Arrangement 
Laying up Low COF fabrics are difficult to Warp to warp. Depends of type 
lay up as any slight movement Wale to wale. of spread. 
can result in fabrics gliding One-way Face-to- 
across the surface of another Back. 
fabric. High COF fabrics adhere Two-way alternate 
to each other may be difficult to Face-to-Face 
realign during processing. Back-to-Back. 
Cutting Low COF fabrics may move As above. As above. 
when the cutting blade makes 
contact. Fabric layers under 
lower pressure I. e. upper layers 
may move when cut. 
Stripping Operators may find low COF As above. As above. 
fabrics awkward to handle when 
removing the cut pieces. High 
COF fabrics adhere together and 
may have to be forcefully 
separated from each other. 
Sewing Low COF fabrics may be easy to Any combination of Any combination. 
align but unless held firmly in directions. Depends on style, 
place will easily slide over each Depends upon style, additional features 
other (ply shift) resulting in the part of garment e. g. e. g. pockets, 
need for constant realignment hem, sleeve, etc. collars etc. 
-  - 
and adjustment during feeding. 
Stackli n g After sewing fabrics must be Usually stacked in Usually with same 
stacked ready for bundling. Sewn one direction to side upwards. 
components with low COF will make bundling Face-to-Back. 
tend to slip off each onto the floor easier. 
if table space is limited. 
_ 1 
Warp to warp. 
Table 7.1. Problems Caused by Fabrics with Low and High Coefficients of Friction 
The details of previous work caffW out in this area for the measurement of surface properties of vmven 
and knitted fabrics was evaluated and the main factors which were identified as being of major 
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importance were pressure, traverse or test speed, nature of surface interface, specimen orientation, 
contact area and specimen tension. Each of these factors was considered in turn: 
Contact area. Early research used Amonton's second law of solid friction which states that frictional force 
is independent of the geornetric area of contact, however later studies showed this was not true for fabrics 
and that the area of contact did affect the frictional force (Wilson 1963). 
Pressure. Researchers (Wilson 1963, Thomdike and Varley 1961) have shown that pressure (load) has 
a direct effect on frictional properties. Virto and Naik (1997) studied the effect of compressibility on 
frictional properties based on Van WWs work and derived the formula, 
e=a+b/(P+c) 
where e is the fabric thickness, P is the pressure and a, b, and c are constants. 
Traverse speed. Virto and Naik (1997) found that there was no significant influence on the results 
when tests mere carried out at different speeds. 
Surface. Two surfaces are required for any rubbing action, these may or may not be from the same 
materials. The surface to be tested may be rubbed against a standard surface, or it may be rubbed 
against a specimen of the same test material. The test specimen may move or it may remain 
stationary while the other surface moves. Fabrics may be tested against a range of surfaces used 
including metal, glass and acetate and fabric. 
Fabric Orientation and Surface Arrangement. Studies conducted in this area included the Investigations 
into the effect of the orientation of fabrics on frictional properties. Most of the experiments were carded out 
on woven fabrics, mainly in the two principal directions of warp and weft. Carr and others (1988) found 
from Preliminary tests that fabric orientation (warp to warp, weft to weft and warp to weft) had negligible 
effects on frictional properties. 
Regain - Thomdike and Varley (1961) carded out tests under a range of conditions and found that the 
influence of regain was minimal. 
Fabric Tensions. For woven fabrics, Ajap (1992) demonstrated that tension had a negligible effect on the 
frictional properties. 
Number of tests on a specimen Thomdike and Varley (1961) found that the coefficient of static friction 
decreased with repeated slides due to the flattening of the surface fibres. It was suggested that the first 
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test cycle on the fabric was eliminated from the average results as it was usually higher than subsequent 
tests due to the flattening of surface fibre& Wilson (1963) employed repeated cyclic testing to eliminate 
his problem. 
Surface Morphology. Zarek (1985) discussed this in detail and considered this to an important contributory 
factor although Virto and Naik (1997) in later studies found that for plain v4oven fabric the surface 
morphology had little effect on frictional properties. 
Amonton's third law of friction states that the limiting frictional force Is proportional to the normal 
reaction for the case of static friction. The frictional force is proportional to the normal reaction for the 
case of dynamic friction and is independent of the relative velocity between the two surfaces. 
The coefficient of static fdction, g, = F/R where F Is the limiting frictional force and R is the normal 
reaction (load) and for the coefficient of dynamic or kinetic friction W, =F/R Mere F is the frictional force 
when one surface is moving over another. These coefficients are normally determined by measuring the 
force required to make one surface slide over another. 
The coefficient of static friction is the force required to start one surface moving over the other and the 
coefficient of dynamic friction is the force required to sustain the movement. 
This relationship was shown to be rriore accurately described by the equation F-- aR", where n (the friction 
index) =a (which can be a maximum of 1) (Howell and Mazur 1953). Howell (1963) showed from 
experimental data that the friction index can vary from material to material and that when n=1 It agrees 
with Amonton's Law. However he calculated that the friction index can be as low as 0.67 for perfectly 
elastic solids in contact and as high as 1.0 for surface having an area contact determined by purely plastic 
deformations of asperities. The theory of adhesion states that frictional resistance between two bodies Is 
composed of 
1. Adhesion (related to the true area of contact) and; 
2. Ploughing (related to the relative height of the surface asperities). 
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7.2. Experimental. 
In order to measure the frictional properties the following test schedule was proposed: 
I. Evaluate the existing available apparatus for its suitability for knitted fabrics; 
2. Study the load extension graph produced and calculate the coefficient for fabric friction against 
acetate; 
3. Evaluate the method for repeatability between tests and operators. 
Initially group B control knitted fabrics were selected with a low degree of extensibility at low loads. 
This would provide an opportunity to evaluate the equipment and assess its suitability by eliminating 
the tension of the specimen as a variable factor. The speed of the test, the contact area, the pressure 
of specimen, and the ambient test conditions were kept constant with fabric handling reduced to a 
minimum. An acetate surface was chosen as the sliding surface as it provided a consistent standard 
smooth surface. 
Instron Ltd supply an friction attachment for their tensile testing machines which was developed for 
industry by Instron for measuring the friction between packets of cigarettes used In vending machines, 
where the sliding between packets is important for the easy removal of the product from the machine 
(Instron 1990). The attachment essentially consists of a sled and a platform. The sled is attached to the 
cross-head via a filament and is pulled over the metal platform as the cross-head traverses vertically. A 
load displacement graph is produced from which frictional properties can be determined. 
Sled 
The standard sled was a 6.3cm x 6.3cm x 0.6cm sheet metal plate covered with foam (0.3cm thick) with 
a total weight of 198g. 
Plafform 
The platform is made lan thick polished metal with dimensions 15cm x 51cm. It has a locating pin on 
the underside of one end which fits into the bottom clamp housing directly under the cross-head of the 
Instron tensile tester and secured with a metal pin. There is a small metal pulley fixed to the platform 
which has negligible friction. 
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7.3. Preliminary Study. 
The most sensitive load cell supplied by Instron Ltd. had a 10 Newton range. However the sled 
supplied by Instron Ltd. was too heavy for this cell. It has been shown in previous work that friction 
tests are more sensitive when the normal load on the specimen is reduced. 
Therefore a modified sled was developed by the author specifically for this test using the following 
criteria: 
9 The sled had to be sufficiently lightweight to assist a sliding rather than dragging motion across the 
surface and hence would help to avoid fabric distortion dudng testing; 
o The handling of the specimens had to be reduced to avoid introducing tension variations in the fabric. 
7.3.1 -Prototype Development of Sled #1. 
The new sled was designed for fabric specimens at different orientation and if was successful further 
tests would involve fabric to friction testing at different orientations (Figure 7.1). The initial system 
developed consisted of a circular sled (10 cm in diameter) and 4cm deep made from expanded 
polystyrene. A mounted cross piece was attached to a central pivot which was recessed in the bottom of 
the sled to avoid interfering with the specimen during sliding. A mono-filament yam was tied between the 
ends of the cross piece to form a loop (Figure 7.2). 
Figure 7.1. Photograph of Sled #1 
The circular sled rotated around the central pivot to allow the orientation of the fabric to be changed 
without disturbing the specimen. The specimens were prepared using a Heals circular cutter which 
produced a circle of area of 100crr?. The sled was placed on the table up side down and the test 
specimen laid on the top in a relaxed state. A restraining band was placed over the specimen and sled 









Figure 7.2. Diagram of Friction Plafform and Sled (Side and Top Elevation) 
7.3.2. Experimental Test Procedure 
A modified procedure based on the recommended friction test method proposed by Instron Ud was 
developed,. which will be discussed in detail later for the isolation and measurement of the coefficient of 
dynamic and static friction along with a 'Roughness' factor to indicate the geometric profile of the fabric 
surface. The procedure is as follows: 
1. the test specimen was loaded onto sled wdh the surface to be tested exposed; 
2. the specimen was secured in place using restraining band; 
3. the fabric specimen was rotated until it is line with direction of movement; 
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4. the sled was placed on the platform so that the pulley thread is slightly loose and the position on 
platform marked as a reference point for repeat tests-, 
5. the gauge length and load was set to zero; 
6. the test was started. 
7.3.3. Results and Discussion 
A typical specimen graph was produced (Figure 7.3) for fabric B1 (technical back, course direction) 
shovAng a characteristic slight increase in the load at the start of specimen movement. 
LOAD 
The graphical data showed the expected stick slip effect, where the surface properties of fabrics can be 
considered as having two attributes, geometric and frictional. The geometric profile of the surface greatly 
affects the associated frictional properties of the fabric. Zurek (1985) studied the frictional forces between 
fabrics woven from filament yams using the Instron tensile tester and found that the frictional force Is 
highest when the direction of movement is perpendicular to the orientation of the axes of the dominating 
peaks of either fabric. Examination of the load / displacement graphical data produced by Virto and Naik 
(1997) identified three types of responses- 
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Figure 7.3. Fabric-to-Acetate Load Displacement Graph for Fabric BI 
1. a long term trend where the value becomes constant when the sled is in motion (dynamicAdnetic 
friction); 
2. a short term oscillating trend (shows stick slip/roughness characteristics); and 
3. a medium term wavy variation showing the elastic behaviour between the two surfaces. 
Ajayi (1992) also found that fabrics with smooth textures have more peaks and a lower resistance to 
motion and the difference between the values of static and dynamic friction is lower. 
Fabrics are more complicated than that of solids as the geometric profile depends upon a number factors 
including the fabric construction, its sett (for woven fabrics) or quality (for knitted fabrics), its component 
yams which affect its area of contact with another surface and the ability of the yams to move within the 
structure. In addition Nayi (1992) described the surface of woven fabrics as ubeing made up of protruding 
yam crowns and fibre tufW and any increase in the selt of the fabric resulted In an increased knuckle 
effect. He concluded that the plateau of peaks in the warp direction was evidence of lateral shifting of well 
yams during sliding and observed that the same effect happened in the weft direction, but to a lesser 
extent 
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7A. Group B Control Fabrics. 
7A. 1. Experimental Test Procedures. 
The first set of trials were completed using fabric control group B against acetate using the same test 
conditions and procedures stated in section 7.3.2. As the mass per unit area varies slightly for all the 
fabdcs, make-weights would also have to be used so that the total might of the fabric specimen and the 
sled were constant. The make-weights were produced by punching out small circles of card which could 
be placed on top of the sled before testing commenced. 
The following testing procedure was perforrned: 
1. the test specimen was loaded onto the sled vAth surface to be tested exposed; 
2. the specimen was secured in place using restraining band; 
3. the specimen was rotated until it is line with direction of movement; 
4. the sled was placed on the platform so that the pulley thread is slightly loose and the position on 
platform was marked as a reference point for repeat tests; 
5. make-weights were added; 
6. the gauge length and load was set to zero; and 
7. the test was started. 
The test was repeated five times on fabric B1 on the face and back surface in both directions (wales 
and courses) and the average, standard deviation (S. D. ) and coefficient of variation (C. V. %) 
calculated. This test was repeated five times for each permutation of specimen orlentation/surface 
arrangement by operator #1 as shown in Table 7.2. 
Group B Control Fabrics 
BI B2 B3 B4 B5 B6 
FACE BACK FACE BACK FACE BACK FACE BACK FACE BACK FACE BACK 
Table 7.2. Specimens Tested for Friction Properties against Acetate for Group B Control Fabrics 
(w--wale direction, c=course direction). 
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The average load between 2 and 4cm movement range was determined. 
Tests viere performed by another operator (operator 2) to assess the reproducibility of the test method 
between operators. Again each specimen was tested 5 times as before and the averages calculated 
for each fabric, surface and orientabon. 
7A. 2. Results and Discussion. 
7A. 2.1. Repeatability 
The results of 5 repeated tests on the face and back in the wales and courses direction for fabric B1 






Test 91 409.1 522.4 
2 398.7 542.1 
3 367.1 539.9 
4 394.3 545.9 
5 411.1 539 
AVERAGE 396.06 537.86 
S. D. 17.6 9.0 
C. V. (%) 4.4 1.7 
COURSES 
Test #1 502 633.7 
2 479.8 601.1 
3 456.4 567.5 
4 452 539.8 
5 474 555.7 
AVERAGE 473.24 579.56 
S. D. 19. 37.7 
C. V. (%) 4.0 6.5 
Table 7.3. Fabric-to-Fabric Data for Fabric BI 
The results for the tests carded out by operator #1 is given in Table 7.4 for both fabric surfaces (face 
and back) and in both direcfions (wale and courses). 
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Friction Test (Fabrlc BI) 
Operator 81 Load (x I Og) 
B i B 2 B 3 B4 B 5 BG 
FACE BACK FACE BACK FACE BACK FACE BACK FACE BACK FACEI BACK 
WALES 1 409.1 522.4 566 483.8 411.8 518.1 349 497.5 396.4 539.5 391.8 560.1 
2 398.7 542.1 566.7 469.7 396.4 515.7 330 498.7 391.1 544.8 390 556.9 
3 367.1 539.9 567 512.8 419.3 548.1 312.7 495.7 390.9 554.1 377.2 565.3 
4 394.3 1 545.9 565 1 504.4 429.8 1 545 324 1 494.7 349.7 1 545.9 394.5 573.6 
5 411.1 539 596.3 510.6 442.8 574.2 320.1 491.4 381.3 532.8 410.4 1 582.5 
COURSESI 502 6337 591.4 626 595.8 716.8 358.9 592.5 468.4 646.1 434.8 751.3 
2 479.8 601.1 609.9 598.1 580.9 691.6 333.9 527.9 378.6 590.6 461.9 664.6 
3 458.4 567.5 580.6 575 518.7 666.2 319.6 518.7 1381.5 584.1 420.9 642.9 
14 1452 1539.8 1616.6 1585.3 1536.3 1646 1293.5 1503 ,4 
1414.4 588.7 434.6 634 .I 
is 1474 1555.7 1584.9 1587.9 1549.1 1656.6 1350 1495.5 1395.1 561.1 1445.3 1606.6 
Table 7A. Group B Control Fabric Data (Operator #1) 
The results from operator #1 were analysed using an one way factor analysis of variance, vAth a 
replication factor of 5 in order to separate the contribution of the variation of each of the factors (wales 
and courses) for the face and back (Table 7.5). 
FACE BACK 
ss DF MS F ss DF MS F 
BG 
237680.5 5 47536.1 73.12 74215.14 5 14843.03 10.96 
Coumes 
WG 
15602.48 24 650.1033 32496.54 24 1354.02 
T 253283 106711.7 
BG 
177469.5 5 35493.89 63.48 20438.37 5 4087.67 20.52 
Wales 
WG 13417.85 24 559.07 4779.30 24 199.13 
T 190887.3 25217.68 
Table 7.5. One Way Analysis of Variance Data for Group B Control Fabrics for Frictional 
Expedment, where BG =Between Groups, WG---Wdhin groups, T= total, SS= Sums d Squares, MS= Mean Squares and Fm 
F ratio Le. MS(BGYMS(WG) 
The F ratio for 5 and 25 degrees of freedom at the I% significance level (F 5,24, ool ) =4.1. 
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As the calculated value for F is greater than 4.1 then the results from the analysis of variance show all 
the differences to be highly significant at the 1% level. Neverheless as there are significant differences 
between the fabrics, the differences which are of real importance need to be identified. AM of the 
possible pairs of means are tested against each other using Tukey's global comparison procedure 
which uses the studentized range for calculating the least significant differences (LSD) at the 5% level 
( Le. using a 95% confidence limit). 
For Tuke)(s test (Leaf 1987) the LSD is calculated using 
0.5(1/n +1/n) 
where n= the specimen size 
s=square root of the mean square for within fabrics 
c=number of fabdcs tested 
k-- number of degrees of freedom associated vvith s 
q= LSD at 5% level 
For this experiment n=5, and c--6 for both the wale and course direction. q 6,24, ý 4.45 
The results of Tukeys test are given In Table 7.6. and therefore any differences greater than these 
values are significant at the 5% level. 
FACE BACK 
Wales 42.55 25.48 
Courses 45.89 66.47 
Table 7.6. LSD Values Derived using Tukey's Test for Group B Control Fabrics 
The interaction of each surface (front and back) and direction (wales and courses) were considered In 
ascending order of magnitude (Table 7.7) and the last significant interactions Identified, Table 7.8. 
US 
Ascending order of mean load (X I Og) 
Courses (Face) 
Fabric B4 B5 BI B2 B6 B3 
LSD =45.89 
Mean 331 439 473 556 594 594 
Courses (Back) 




Mean 407 527 579 596 659 675 
Wales (Face) 
Fabric B4 BI B5 B2 B3 B6 
LSD=42.55 
Mean 327 376 362 420 496 543 
Wales (Back) 
Fabric B4 B5 B2 B3 B6 BI 
LSD = 25.48 
Mean 361 495 537 
1 
540 567 = 
Table 7.7. Tukey's Paired Comparisons 













Table 7.8. Results of Tukey's Paired Comparison Test for Group B Control Fabrics 
WB--Wales/Back, CB=Courses/Back, WF--Wales/Face, CF=Courses/Face. 
It can be seen that fabrics B2 and B3 have similar values of frictional properties for both surfaces In 
the wale direction and on the face side in the course direction. Fabrics B5 and 131 show similar results 
on the face side of the fabrics, fabrics B6 and BI show similar results on the back of the fabric and 
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fabrics B6 and B3 show similar results in the course direction. This indicates that although the 
morphology of the fabrics remains constant the tension variation of the fabric has an effect on the 
frictional properties of the fabdc. 
7A. 2.2. Inter-operator Trials 
The results from operator #2 are shown in Table 7.9. and the average results for both operators are 
given in Table 7.10. The results between the two operators were correlated for all the fabrics in both 
the wale and course directions. 
Load (xi Og) 
B I B 2 B 3 B 4 B 5 B G 
I 
Operator #2 Face Back Face Back Face Back Face Back Face Back Face Back 
WALES 1 349.4 433.6 527.4 447.3 463.9 580.6 264.1 537.4 459.2 530 424 529.5 
2 360 420.5 504.7 456.5 452.3 572.1 320 535.2 464.6 517 436 529.6 
3 369.6 1 446.7 509.3 1 458.4 462.2 1 608.8 315.6 1 534.9 467.2 1 533 455 555.9 
4 374.8 1 443.1 513.4 1 456.1 484.2 594.5 308.4 434.1 488.1 534.6 460 1 568.1 
5 388 471.2 502.6 475.2 493.5 618.9 327.9 560.4 483.3 551.1 470 574.1 
COURSESI 481.6 611.3 502 587.4 584.9 825 408 603.8 550.6 701.3 491.4 685.1 
2 463.5 586.9 470.8 586.2 562.3 760.1 387.2 590.3 469.3 669.4 488 635.9 
3 461.1 582.8 1441 565.8 1526.6 1706.7 ii5.6 F614.8 506.7 1641.2 1490 617A 
14 455.5 1520.1 1453.5 1559.1 1541.1 1685.4 34i. 7r 575.9 461.5 1632.6 1510 1625.3 
5 457.2 1540.5 1409.1 1575.2 1556.8 _ 1690.8 365 4 -- ' [5 91.9 478.7 591.9 F0 179 1513 1616.8 j 
Table 7.9. Results from Operator #2 for Group B Control Fabrics 
Average (xI OS )
1 2 B3 B4 6 Be 




es wa #1 396.1 572.2 420 537.9 496.3 540.2 327.2 381.9 392.8 495.6 543.4 567.7 




472.5 449 520.4 533.1 * 551.4 Wl 473.2 596.7 556.2 579.6 594.5 675.4 331.2 407.6 439.5 527.6 594.1 659.9 
courses 1#2 1463.8 1455.3 1554.3 1568.3 574.7 1733.6 368 8 493.4 498.5 595.3 1647 3 636.1 
Table 7.10. Results for Dynamic Friction of Group I Fabrics against Acetate as Measured by 
Operator #1 and #2. 
The results from the tvvo operators were correlated for the wale and the course direction separately. 
The result in the wale direction was 0.79 and for the course direction was 0.82. 
using Student's t test showed that both values were highly significant at the 1% level. 
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A two-way analysis of variance was carried out on the results using MINTAB (version 11). The 
surface (face and back) and direction (course and wale) were taken as factors and the means are 
















440.0 480.0 520.0 560.0 
Figure 7A. Mean Values and 95% Confidence Intervals for Group B Control Fabrics. 
Afthough this was only a control fabric to evaluate the suitability of the method it Is Interesting to 
comment on the effect of the wet finishing process on this small range of fabrics. Figure 7.4. a. shows 
that there is a reduction In the mean load values after the fabrics have been wet finished, e. g. Fabric 
1311 has a mean load of 548g, however fabric 134, the same fabric, having been subjected to a wet finish 
(see section 4.2.2. ) is reduced to 515g -a reduction of 6%. Similarly the means for fabrics B2 and B3 
were reduced by 15% and 14% respectively. 
It can be seen that the mean load value for the course direction across all the fabrics Is 28% higher 
than that for the wale direction (Figure 7.4. b and also the mean load value for the back surface of the 
fabrics is 29% higher than the results for the face of the fabrics(Figure 7.4. c). 
The results also show that there is a definite difference between the two directions and surfaces and 
that for this fabric the amorphology of the surface is a important factor in the measured frictional 
properties. 
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Before progressing onto the next group of fabrics for testing several observations were made. It was 
possible to identify the slip stick effect of the specimen on the acetate film and the trace showed a higher 
load value (coefficient of static friction), Mich is necessary to overcome the acetate-to-fabric friction to 
allow movernerit to begin. In addition some design weaknesses were apparent: 
4, a slight rocking movement of the sled when sliding over the acetate caused the make weights to fall 
off. This was due to the angle of the mono-filament from the bottom of the pulley to the sled causing a 
slight intermittent vibration during sliding; 
o the procedure for fabric mounting was difficult and problems were expected where fabrics with high 
extension at low loads were to be used. Therefore in order to measure of fabric-to fabric friction the 
carriage would require re-designing and the fabric mounting procedure needs to reduce any variations 
due to operator handling; 
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7.5. Experimental Group C Fabrics. 
7.5.1. Prototype Development of Sled #2, Platform and Sled Mounting Apparatus. 
Group C control fabrics were selected due to the similarity in construction to the group D test fabrics. 
The design problems identified in the previous section and potential solutions were established and 
tabulated Table 7.11. 
Problem Possible Solution 
Sled Sled should be as light as New sled should be made out of light weight 
possible to avoid fabric plastic 
extension at low loads 
Sled should be pulled from a Pivot arm of sled should be redesigned to 
position which is level with lower the centre of gravity 
the bottom of the pulley 
Sled should be able to easily Sled should be hollow Inside to reduce weight 
accommodate make-weights and accommodate make-weights 
Specimens should be Design device for easy loading of specimens 
Specimens mounted in a tension free 
manner and should be easily 
loaded onto sled 
The bottom fabric on the Design device to mount fabric and keep In 
platform should be mounted place during testing 
in a tension free manner and 
firmly secured to prevent 
movement during sliding 
Table 7.11. Design Problems and Solutions for the Design of Prototype Sled #2 
The device designed to allow tension free mounting of the fabric onto the platform was in the form of two, 
three sided, rigid metal frames, which fitted over the platform and were reinforced at the two comers by 





DOUBLE SIDED STICKY TAPE 
FRAME 2 
Figure 7.5. b 
PLATFORM 
SLED 
Figure 7.5. c 
Figure 7.5. Fabric Mounting Procedure for Platforrn 
The fabric was placed on the table in a relaxed state Wth the side to be tested face down. The frame 
was then lowered onto the fabric and gentle pressure on the frame ensured that the fabric adhered to the 
frame (Figure 7.5. a). The frame and fabric were flipped over and the second frame pressed into place 
(Figure 7.5b) The frame and fabric were then transported to the platform and fitted into place (Figure 
7.5c). The frame could easily be removed and flipped over to allow the reverse side of the fabric to be 
tested without disturbing the fabric. 
Figure 7.6. Sled #2 
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The design sled #2 (figure 7.6) used similar dimensions to sled #1, so that the fabric specimen would still 
fit. 
The successful design modifications can be summarised as: 
e The sled was constructed from 3mm sheet plastic with the cross arm supported by a central post 
which could be rotated as required; 
9 The cross arm was redesigned so that the ends of the arms were bent downwards and small holes 
were drilled near to the ends to allow the attachment of the monofilament thread; 
e The cross arm was screwed into the central post and could easily be removed for replacing fabric 
specimens on the sled; 
* The centre of the sled was hollow, which lowered its centre of gravity and allowed for the secure 
accommodation of small make weights to compensate for any variations In weight differences between 
the specimens. This ensured a constant pressure being exerted by the sled and specimen regardless of 
the variation in the weight per unit area of the various specimen; 
9A groove was cut into the sled around its outer circumference 2 cm from the bottom to accommodate 
the restraining band so that all specimens were restrained in an identical manner. 
A special circular mounting frame was produced which allowed the loading of the fabric specimen onto 
the sled with minimal operator handling. This consisted of a plastic ring which was 5mm In larger in 
diameter than the sled. The ring was 1.5crn deep with a groove, similar to that on the outer 
circumference of the sled. The device was placed on the table and a restraining band was fitted around 
the device. The specimen to be tested was placed centrally over the ring and the sled was carefully 
lowered into the fing until it was resting on the table. The restraining band was then slipped off the ring 
onto the sled into the cut groove. The sled was then removed and placed on the I nstron platform ready 






BAND """-MOUNTING RING 
(ROSSAM 
Figure 7.7. Mounting of the Fabric onto the Sled 
Each of the fabrics in group C were tested in triplicate in the same direction on the specimen. The 
orientation from wale to course was performed by loosening the pivot screw, turning the sled through 
90 degrees and securing it in the correct configuration by tightening the screw. As the fabric 
undergoes a combination of directional orientations and different fabric arrangements during the 
garment production process all permutations of the surface and directional arrangements were tested. 
The direction of specimen orientation was taken as the parallel direction of movement of the sled 
along the platform. When the sled had moved the required distance the test was reset, i. e. the load 
and gauge length set to zero, and the test repeated. 
7.5-2. Experimental Test Procedure 
The coefficient of friction was separated into the coefficients of static and dynamic friction using the 
software on the Instron. The highest peak of the frictional trace at the beginning of the movement was 
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taken as the coefficient of static friction, and the mean between the peaks and troughs during motion 
was taken as the coefficient of kinetic or dynamic ffiction 
The roughness parameter was also calculated by taking the difference between the troughs and peaks 
during the movement of the sled. 
The same procedure was used as that for group B fabrics but the specimen on the platform was 
changed follomwing the procedure described in section 7.5.1. 
7.5.3. Results and Discussion. 
A test for repeatability of the method was performed on fabric C21, which was chosen at random, and 
the results are shown in Table 7.12. 
COEFFICIE NT OF DYNAMIC FRICTION 
Face-to-face Face4o-back Back4o-back 
C/C C/W W/W C/C Clw wm C/C C/W wm 
TEST # 
1 0.63 0.61 0.7 0.85 0.77 0.88 0.93 0.83 0,87 
2 0.63 0.56 0.65 1 0.75 0.76 0.78 0.87 0.79 0.79 
3 0.59 0.57 0.63 0.71 0.73 0.76 0.8 0.78 0.75 
4 0.61 0.58 0.66 0.76 0.76 0.79 0.87 0.81 0.79 
5 0.62 0.59 0.64 0.78 0.74 0.81 0.88 0.8 0.81 
Average 0.611 0.582 0.656 0.77 0.752 0.804 0,868 0.802 0.802 
S. D 0.016 0.019 0.027 0.051 0.016 0.046 0.046 0.019 0.043 
C. V 2.7 3.4 4.2 6.2 2 5.7 5.3 2.5 5 
Average Of 
tests 2-5 0.61 0.57 0.645 0.75 0.74 0.78 0.85 0.79 0.78 
S. D. 0.017 0.012 0.012 0.029 0.015 0.020 0.033 0.012 0.025 
C. V. (-/. ) 2.6 2.2 2.3 3.8 1.3 2.5 3.5 1.5 3.18 
Table 7.12. Coefficient of Dynamic Friction Results for Fabric C21. 
The results showed that the calculated coefficient of variations lay within the range of 2 to 6.2. It was 
observed that the results for this fabric showed higher values for dynamic friction for test #1 which Is 
consistent with the findings of other researchers who stated that this was due to the flattening of surface 
fibres on the first test. The author therefore eliminated the values for test #1 and recalculated the 
standard deviation and coefficient of variation values for tests #2-5. It can be seen that although the 
number of values had been decreased there was a decrease in the range of the C. V. values which fell to 
1.3-3.8. 
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The results also show that values for the tests between the back to face and the back-to-back contact Is 
higher than that for the face-to-faoe values. Nso the values within the faoe and baok and baok-to-baok 
are slightly higher for the orientation course to course and wale to wale than for the course to wale 
combinafion. 
The calculated values for the coefficient of static friction and Roughness Factor for fabric C21 Is given In 
Table 7.13 and 7.14 respectively. It can be seen again that the results for test #1 is higher and the values 
have again been re-calculated based on tests #2-5. 
COEFFICIENT OF STATIC FRICTION 
Face-to-face Face-to-back Back-to-back 
-EST -# C/C Clw W/W C/C Clw WNV C/C Clw W/W 
0.94 0.92 0.92 1.20 1.09 1.16 1.25 1.18 1.10 
2 0.88 0.73 0.85 1.01 0.99 0.99 1.20 1.08 1.04 
3 0.88 0.83 0.84 0.97 1.04 1.09 1.08 1.10 1.01 
4 0.92 0.85 0.88 1.04 1.05 1.07 1.10 1.10 0.90 
5 0.91 0.82 0.88 1.07 1.03 1.04 1.20 1.13 1.00 
Average 0.91 0.83 0.87 1.06 1.04 1.07 1.18 1.12 1.01 
S. D 0.03 0.07 0.03 0.09 0.04 0.08 0.08 0.04 0,07 
C. V M 2.88 8.22 3.83 8.28 3.47 5.87 8.79 3.49 7.21 
Xv-9rage Of 
t s 2-5 
0.90 0.81 0.86 1.02 1.03 1.05 1.14 1.10 0.99 
r 
. .D S. 
0.02 0.05 0.02 0.04 0.03 0.04 
1 
0.07 0.02 0.06 





2.56 4.15 1 6.24 1.87 6.15 
rable 7.13 Coefficients of Static Friction Values for Fabric C21 
ROUGHNESS 
- 
Face-to-face Face-to-back Back-to-back 
T-EES-T # CIC Clw W/W CIC Clw W/W C/C Cm W/W 
1 2.51 2.6 2.83 2.68 2.86 3.4 2.44 2.7 3.05 
2 2.6 1.8 2.33 2.0 2.33 2.75 3.11 2.52 2.81 
3 2.0 2.1 2.99 2.49 2.32 2.8 2.52 2.72 3.01 
4 2.20 2.40 2.50 2.60 2.30 3.00 2.70 2.40 3.02 
5 2.50 2.40 2.70 2.50 2.50 2.90 2.80 2.60 2.85 
Average 2.36 2.26 2.67 2.55 2.46 2.97 2.71 2.59 2.95 
S. D 
- - 
0.25 0.31 0.26 0.08 0.24 0.26 0.26 0.13 0.11 
U.V (%) 
- 
10-69 13.85 9.79 3.27 9.60 8.72 9.70 5.11 3.72 
Wv erage of 
tests 2-5 
2.33 2.18 2.63 2.52 2.36 2.86 2.78 2.56 2.92 
S. D. 
- - 
0.28 0.29 0.28 0.05 0.09 0.11 0.25 0.13 0.11 ýC 
V(% ) 11.84 13.21 
1 10.79 2.06 1 3.92 1 3.87 8.88 1 5.26 
Table 7.14 Roughness Values for Fabric C21 
It was also observed that the coefficient of static friction was higher than the calculated value for 
dynamic friction in all the tests which is expected as the force required to move an object from rest is 
a"s greater than that the force required to maintain the movement. 
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The remaining 38 fabrics were tested in a similar way but the number of tests in each permutation was 
reduced to 3 which produced 27 test results for each fabric. 
The full data set of results for the 39 fabrics is given in Appendix C. A two way analysis of variance 
using a replication factor of three was carried out to evaluate the contribution or each factor. 
The results were averaged to produce a value for coefficient of static friction, dynamic friction and 
roughness for each fabric based on the 27 tests for each fabric, (Table 7.15). It can be seen that the 
coefficient of static friction is between 22 and 56 % higher than that of dynamic friction. 










1 1.368 1.011 3.48 
2 1.322 0.983 3.516 
3 1.388 1.003 3.709- 
4 1.281 0.948 3.4 
5 1.001 0.7 3.118 
6 1.046 0.712 3.267 
7 0.82 _ 0.493 2.994 
8 1.23 0.88 3.437 
9 1.473 1.178 3.839 
10 1.413 1.159 4.055 
11 1.488 1.175 3.906 
12 1.35 1.011 3.438 
13 1.348 1.057 3.493 
14 1.313 0.928 3,364 
15 1.213 0.903 3.379 
16 1.133 0.86 2.912 
17 1.12 0.833 3.12 
18 1.176 0.506 3.241 
19 1.206 0.864 3.361 
20 1.039 0.74 2.64 
21 1.243 0.797 3.115 
22 1.114 0.813 3.283 
23 1.046 0.767 2.828 
24 1.195 0.85 3.263 
25 1.034 0.782 2.879 
26 0.966 0.705 2.753 
27 1.241 0.932 3.557 
28 1.230 0.931 3.555 
29 1.224 0.93 3.771 
30 1.159 0.891 3.595 
31 1.184 0.907 3.567 
32 1.166 0.918 3.477 
33 1.178 0.844 3.139 
34 1.157 0.831 3.048 
35 1.247 0.908 3.497 
36 1.107 1.088 3.237 
37 1.112 0.783 3.007 
38 
ý- 
1.015 0.754 2.702 
39 1.043 0.75 3.055 
129 
it was also observed that the coefficient of friction was recorded at levels greater than I which suggested 
that another factor was Involved as theoretically the load cannot be heavier than the load of the sled and 
fabric. It had been noted that during the background research of this project there had been at least two 
studies in which the coefficient of friction had been reported as being higher than 1, however In neither 
study did the authors discuss this result although the calculations were based on equations used for solid 
ohocts sliding over each other. As fabdcs have relatively flexible surfaces and knitted fabdcs have the 
inherent property of stretch this could be due to the stretching of the fabric during surface contact 
causing a wave effect in front of the sled thus creating extra resistance to the movement along the 
platform. This was to be expected as knitted fabrics extend at low loads. However on further 
investigation it was found that most of the results which were greater than 1 were displayed by fabrics In 
the course to course direction and back-to-back fabric arrangement. It was therefore necessary to 
separate the contribution of each of the factors (fabrics, surface and directions) for each of the 
parameters measured (coefficient of dynamic and static friction and roughness). A two-way analysis of 
variance was canied out on the results for the coefficient of static friction with the surface orientations 
(face-to-face, face-to-back and back4o-back) and directions (course-to-course, course-to-wale and 
wale-to-wale) taken as factors. This was repeated for the coefficient of dynamic friction and 
roughness. 
It can be noted that the contact between surfaces makes a difference for this particular fabdc tested In 
all permutations of surface (technical back and front) and directions (courses and wales). 
The statistical results for the Coefficient of Static Friction, Dynamic Friction and Roughness Factor for 
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Figure 7.10. Dot Plot of the Roughness Factor for Group C Control fabrics 






Coefficient of Static Friction: 
a. Fabrics Significant at 1% therefore differences detected between fabrics; 
b. Directions. Not significant at 1% but were significant at the 10% therefore no difference detected 
between directional arrangement of fabrics; 
c. Surfaces. Significant at 1% therefore difference due to surface contact. 
Coefficient of Dynamic Friction; 
a. Fabrics Significant at 1% therefore differences In fabrics; 
b. Directions. Not significant at 1% therefore no difference in directional arrangement of fabrics 
c. Surfaces Significant at 1% therefore difference in surface arrangement 
Roughness Factor 
a. Fabrics Significant at 1% therefore differences in fabrics 
b. Direction. Not significant at 1% therefore no difference in directional arrangement of fabrics 
c. Surfaces Significant at 1% therefore difference in surface arrangement 
From this analysis it is evident that these fabrics show a trend towards higher frictional values In the 
course-to-course direction and the back4o-back surface arrangement This Indicates that the 
morphology of the surface influences the value of the coefficients of static and dynamic friction and the 
roughness. It also demonstrates that the lowest values are in the face to face surface arrangement 
although the directions are less differentiated. 
The Effect of Cover Factor on Fabric to Fabric Surface Frictional Properties. 
Group C fabrics 
The Cover Factor was calculated for each fabric and related to the surface frictional properties (Figures 
7.11,7.12, and 7.13) 
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The Cover Factor, (also known as Tightness factor), is defined as the ratio of the thickness of the 
yam to the knitted stitch length (0 i. e. 
Cover Factor-- vFcount 
(tex) 
The correlation between the Cover Factor and the results for the Coefficient of Static friction, Dynamic 
Friction and Roughness was calculated as 0.57,0.5 and 0.27 respectively. 
The graphs show a general trend for slightly higher values of surface frictional properties Wth 
increasing in Cover Factor values. This could be explained by the higher Cover Factors having smaller 
knitted stitch lengths producing and increases number of contact points during fabric to fabric friction 
testing. The graphs also indicate that there is a trend for fabrics produced from open end spun yams to 
have slightly higher frictional values compared to fabrics produced from carded and combed yams. 
They also indicated that fabrics produced from combed yams produce slightly lower surface frictional 
values than fabrics produced from Open end and carded yams. 
This could be due to the surface characteristics of combed yams having a smoother yam surface due 
to the removal of short fibres during the combing operation. 
133 
1.6- 
c 0 1.4 - 
"U1.2 
* Open End 
0.8 -m 
Combed 
16 Carded 0.6 
Z 0.4 - E 
W 0.2 - 0 
0 
1 1.2 1.4 1.6 1.8 
Cover Factor 
Figure 7.11 The Relationship between Cover Factor and the Coefficient of Static Friction for 
Group C Fabrics 
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Figure 7.12 The Relationship between Cover Factor and the Coefficient of Dynamic Friction for 
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Figure 7.13 The Relationship between Cover Factor and Roughness for Group C Fabrics 
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1.2 1.4 1.6 1.8 
Cover Factor 
7.6. Experimental Group D Test Fabrics. 
7.6.1. Test Procedure and Experimental Details. 
Group D test fabrics were measured for the coefficients of Static and Dynamic Friction and Roughness 
as described in the previous section. 
The fabrics were also measured on the KES-F system for friction properties and the results are given 
in Appendix B. 
7.6.2. Results and Discussion. 
The results from the friction test were analysed using a two way ANOVX 
The means are shown as a. dot plot in Figure 7.10. 
I. Effect of surface arrangement and directional orientation. 
From this analysis it is evident that these fabrics show a trend similar to that of group C control fabrics. 
i. e. they exhibit higher values in the course-to-course direction and the back-to-back surface 
arrangement. This indicates that the surface profile is influential on the value of the coefficients of 
static and dynamic friction and the roughness. It also demonstrates that the lowest values are In the 
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Figure 7.14. Dot Plot of the Coefficient of Static, Dynamic Friction and Roughness Factor for 
Group D Test Fabrics 
Z Effect of Finishing on Group D Test Fabrics. 
It can be seen from the results of the ANOVA that the measurements of the frictional and roughness 
values of the fabrics exhiNt trends. The effect of the different finishing stages are shown In Figure7.12. 
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Figure 7.15. Effect of Finishing on the Frictional Properties of Group D Test Fabrics 
Where D1= Griege, D2: =Scour, bleach, hydroextract, dry (tubular), D3= Dye (blank), hydroextract, dry (tubular), 
D4: =Hydroe)dract, slit, flap, dry (open width), D5= Stenter dry, edge gum (open width), D6= Compad finish (open width) 
It can be seen from Figure 7.12 that there is a similar trend in the measurement values of the 
coefficients of static and dynamic friction for the finishing stages D1 -D6. The coefficient of static friction 
is higher as this is the force required to overcome the initial resistance to the movement of the sled. 
The measured values for the coefficient of dynamic friction show that there is a increase in stage D2 
(scouring, bleaching etc) followed by a reduction in frictional properties after dyeing (stage D3). The 
slitting operation, where the fabric is held under tension, increases the frictional properties as does 
stage D5 (stentering) when the fabric is again tensioned to achieve a target finished width. The effect 
of the compact finish is to reduce the frictional properties slightly. 
The results for the coefficient of dynamic friction were correlated against the MIU ( mean coefficient of 
friction value ) measured on the KES-F system and found to be -0.43 which is not significant at the 
10% level. 
Figure 7.13 shows the effect of the finishing stages on the measured roughness factor. There is 
evidence that the greatest effect was produced by the dyeing stage (M) which reduced the roughness 
factor by a value of 13% with the final stage of finishing reducing the roughness value by 10% 
compared to the greige fabric The results for the roughness factor measured on the Instron were 
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correlated against the SMD (mean roughness value) measured on the KES-F system and calculated 
to be 0.60 which again was not significant at the 10% level. 
Figure 7.16. Effect of Finishing on the Roughness Factor for Group D Test Fabrics 
Where D1= Griege, D2: =Scour, bleach, hydroextract, dry (tubular), D3= Dye (blank), hydroextract, dry (tubular), 
D4: =Hydroextract, slit, flap, dry (open width), D5= Stenter dry, edge gum (open width), D6= Compact finish (open width) 
The poor correlation results show that these tests cannot be used as a comparison, the KES-F 
measures friction using a metal wire which cannot be directly compared to the results obtained when 
two fabric surfaces slide over each other. The high results of the coefficient of dynamic friction, (higher 
than 1), suggest that the surfaces of knitted fabrics do not simply slide over each other but interact 
with each other to provide additional resistance to movement. As the analysis of the results showed 
that the highest resistance was in the course-to-course direction and back4o-back arrangement. The 
reason for this may be due to the structure of the fabric surface. It can be seen from Figure 7.14 that 
the structure on the back of the fabric is more uneven in profile than the face due to the curved "floats" 
of the top of the loop where adjacent loops cross. This presents an opportunity for the fabrics to 
spread open the spaces between the courses (cross-section shown in Figure 7.15) and interact in a 
ploughing action this causing additional resistance to movement in this directon. 
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Courses 
Figure 7.17. Single Jersey Fabric Structure (Technical Back) 
FACE 





Figure 7.18. Ploughing of Single Jersey Fabric Surfaces (Course-to Course and Technical 
Back-to Back) 
The Effect of Cover Factor on Fabric to Fabric Surface Frictional Properties 
Figures 7.19,7.20 and 7.21 show the relationship between the Cover Factor for fabric group D and the coefficient 
of static friction , dynamic friction and roughness respectively. 
All the graphs show the effect of the wet finishing 
Processes (D2, D3 and D4), and the final processes (D5 and D6), on the values of the Cover Factors. These 
results however only show trends as the results come from a small range and will be prone to errors due to the lack 
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Where D1= Griege, D2: =Scour, bleach, hydroextract, dry (tubular), D3-- Dye (blank), hydroextract, dry (tubular), 
D4: =Hydroextract, sift, flap, dry (open width), D5= Stenter dry, edge gum (open width), D6= Compact finish (open width) 
Figure 7.19. The Relationship between Cover Factor and the Coefficient of Static Friction 
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Where D1= Griege, D2: =Scour, bleach, hydroextract, dry (tubular), D3= Dye (blank), hydroextract. dry (tubular), 
D4: =Hydroextract, slit, flap, dry (open width), D5= Stenter dry, edge gum (open width), D6= Compact finish (open width) 
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Figure 7.21. The Relationship between Cover Factor and Roughness 
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The prediction of physical handling and sewing problems in the making up process has been of great 
interest to the industry for many years In addition the variation in fabric properties within and between 
fabric batches is similarly of concern to many textile companies. In industrial practice, batches of plain 
single jersey fabrics have been reported to perform differently during processing causing problems for 
the operators. These problems were identified earlier in Table 3.3. 
Clothing manufacturers buy fabrics from suppliers in the belief that they are fit for purpose and only the 
larger companies tend to have in-house testing facilities for sample and bulk testing of fabrics before 
production begins. Other manufacturers, including CIVIT units have adopted the attitude that it Is the 
responsibility of the fabric manufacturers to provide fabric which is fit for purpose, free of processing 
problems and fault free. Typically the only quality check performed upon delivery of the fabric Is 
inspection in order to claim for damaged fabric which is unusable. 
The majority of clothing manufacturers still use sensory methods to assess the quality of the fabric 
although they may request other performance properties e. g. colour fastness, to be tested to meet the 
consumers' demands that the fabric is fit for purpose. Once the sample garment Is accepted by the 
customer it is'sealed', i. e. it is used as a quality standard or benchmark. The customer then expects 
that the whole of the order will be produced to the same standard, Le. fabric quality, performance, 
quality of making up and size. Any deviation from this standard may result In the order being returned 
by the customer to the supplier. 
The operation of sewing is an interaction between operator, machine and fabric. The machine settings 
are constant and are normally specified by the customer (i. e. linear stitch rate, thread ticket number, 
etc). However any variation in fabric properties may require additional handling by the operator e. g. 
shorter 'hold to sew' distances, increased number of fabric alignment operations, etc. thus Increasing 
the time taken to complete the garment. 
Sewability is used in industry as an indicator of how fabric performs during the assembly process, and 
can be measured before the garment pieces have been cut out. It is therefore practical and valuable to 
explore any relationship between sewability and the Instron methods, developed in this study, for 
measuring drape and surface properties of the fabric. 
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The L&M Sewability Tester was developed to provide a reproducible test which would indicate to the 
clothing manufacturer whether a fabric could be sewn without difficulty. It is based on the force 
required for a needle to penetrate the fabric. The ease with which the needle penetrates the fabric will 
depend on the structure, loop length and the frictional properties of the fabric. 
The type of needle and needle size should be suitable for the fabric i. e. for knitted fabric a ball point 
needle should be used, thus ensuring that the needle point penetrates the spaces in the structure 
without splitting the yam itself. In order for the needle to penetrate the fabric the needle may have to 
expand the loop it passes through. This can be accommodated by the movement of the fibres within 
the yam structure (dependent on the extensibility properties of the yam) and/or the ability of the loop to 
, rob' from adjacent loops (dependent on the frictional properties of the yam). 
The L&M Sewability tester takes consecutive readings of the force required to penetrate a moving 
sample of fabric by a specified needle at the rate of 100 penetrations per minute. A threshold value Is 
set on the machine and the number of penetrations above the threshold value is recorded. Therefore 
the higher the number the poorer the 'Sewability 'performance of the fabric. 
The Instron methods developed within this thesis, for measuring drape and surface frictional properties 
of fabrics, have been shown to be comparable in sensitivity to other test methods. However he 
Instron methods also have the advantage of measuring additional parameters which are not available 
using either the KES-F or FAST systems and it is important to ascertain the inter-relationship between 
the test methodologies. 
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8.2. Experimental (Group C Fabrics) 
8.2.1. Method. 
The needle used in this test was a 70's ball point which is commonly used in industry for this fabric 
type. This ensured stitch damage (i. e. burst stitches) was avoided. The threshold value was set at 
100 and the total number of penetrations was set at 100 per sample. Three tests were carded out on 
samples in the two principal directions and on the back and face of the fabric (12 tests In total per 
fabdc) 
8.2.2. Results and Discussion. 
The results are shown in Table 8.1. for selected group C fabrics (see Table 4.3 for yam types) along 










C1 30 4.42 1.46 
C2 22.4 4.46 1.45 
C3 11.2 4.65 1.39 
C4 19.7 3.94 1.45 
C5 17.8 4.19 1.37 
C6 13.2 4.42 1.29 
C7 12.1 4.65 1.23 
C8 34.1 2.74 1.63 
C9 26.3 2.87 1.55 
C10 1 24.2 3.01 1.48 
C11 17.5 3.15 1.41 
C12 31 3.27 1.75 
C13 27.9 3.44 1.66 
C14 22.3 3.62 1.58 
C15 13.3 3.99 1.43 
C20 29.8 3.06 1.49 
C21 19.3 3.21 1.42 
C22 13.6 3.37 1.35 
C23 10.5 3.54 1.29 
C24 32.3 2.91 1.45 
C25 25.6 3.21 1.32 
C26 18.5 3.37 1.25 
C27 17.7 3.54 1.19 
C28 28.3 3.06 1.49 
C29 20.6 3.21 1.42 
C30 15.1 3.37 1.35 
C31 12.5 3.54 1.29 
C32 15.3 3.73 1.22 
Table 8.1 Sewability and Stitch Lengthand Cover Factor for Group C Fabrics. 
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The results for fabric sewability were then correlated against specified fabric properties, i. e. stitch 
length, drape and fabric surface frictional properties obtained using the novel Instron methods 
developed in this study. 
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Figure 8.1 The Effect of Stitch Length on the Sewability of Fabrics Produced from 33 Tex Open 
End and Combed Yams. 
The results indicated that the general trend was for larger stitch lengths to have lower fabric 
sewability (Figure 8.1). Analysis of the data indicates this was a negative correlation coefficient Wth a 
value of -0.92 (significant at 1% level). The sewability results for the 33 Tex open end yams vmre 
higher than combed cotton of the same linear density. As all these fabrics had the same structure 
(plain single jersey) the results suggest that the difference in sewability is due to the type of yam and 
related to the variation in yam structure. As the sewability results for open end yams were the highest, 
it suggests that these yams cannot extend the loop or 'rob' from adjacent loops as easily as the 
combed yams possibly because of the structure restricting the extensibility of the yam. 
Examination of the sewability results for 21 Tex combed and carded yams (as carded yam was not 
available in 33 Tex ) indicates again a dear linear relationship vvith a negative correlation coefficient 
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Figure 8.2 The Effect of Stitch Length(mm) on the Sewability of Fabrics Produced from 21 Tex 
Combed and Carded Yarns. 
it was also evident that carded yams had a lower sewability than open end and combed yams which 
suggests that the structure of these yams was more easily able to allow the needle to penetrate the 
fabric by either the extension of the loop or the ability to rob adjacent loops. 
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8.2.2.2. Effect of Yam Linear Density (Tex) on Sewability. 
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Figure 8.3 The Effect of Stitch Length on the Sewability of Fabrics Produced from Different 
Linear Density Yams. 
The correlation coefficients obtained for this graph were as follows: -0.97 for the 42 and the 33 Tex 
open end yam ( not significant at 1% level) and -0.97, -0.99, -0.95, -0.97 for the 20 Tex open end 
yam, 33 Tex, 25 Tex, 21 Tex combed yams and 21 Tex carded yams respectively, which are all 
significant at the 1% level respectively which shows a strong correlation between stitch length and 
sewability for yams of similar linear densities. This suggests that the larger stitches require less 
penetration force (lower sewability results). 
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.4 
8.2.2-3. Relationship Between Fabric Drape and Sewability. 
Examination of the results for the fabric sewability and Instron Drape Coefficient for group C fabrics 
produced from open end yams of different linear densities indicates that while the fabric sewability 
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Figure 8.4 The Relationship between Instron Drape and Sewability of Group C Fabrics 
Produced from Open End Yarns. 
Nevertheless the data for the 42 and 33 Tex yam based fabrics indicates a trend that poorer drape 
can be associated with more difficult sewability. The correlation coefficients of 0.72 and 0.97 are not 
significant at 10% level respectively. This effect may be attributed to increasing inter-fibre surface 
friction leading to increased rigidity and resistance to needle penetration. 
The data for the 20 Tex yam based fabrics shows little variation and the reason for this behaviour 
being uncertain. 
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8.2.2.4. Effect of Fabric to Fabric Surface Frictional Properties on Sewability. 
The accommodation of a stitch to allow the penetration of a needle without bursting is a complex 
interaction between fabrictyarn structure and the surface frictional properties of the yam/fibres. A yam 
can only rob from other loops if the yam has a low enough coefficient of friction to allow for the 
movement of the yarn to extend the length of the stitch. However before it robs from adjacent loops it 
can enlarge the size of the loop by sliding fibres over each other within the yam, fibres with low 
frictional coefficients being easier to slide. Thus in this study a range of fabrics, with identical 
structure (i. e. plain single jersey), yams and component fibres, were studied to evaluate the role of 
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Figure 8.5 The Relationship Between Fabric to Fabric Surface Frictional Properties and 
Sewability. 
In general for the 33 Tex yarn based fabrics, an increase in the fabric to fabric coefficient of dynamic 
friction results in increasingly difficult fabric sewability, Figure 8.5. The correlation coefficient was found 
to be 0.438. Similarly the coefficient of static friction and roughness were calculated to be 0.420 and 
0.247, respectively. 
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The data trends for the 42 and 20 Tex yam based fabrics were less clear. Athough disappointing it Is 
perhaps understandable as this method was originally developed to try to predict inter-fabric behaviour 
during manual handling operations e. g. laying up while sewability is related to one specific process of 
penetration of a fabric by a lubricated metal needle. Nevertheless it maybe possible to establish a 
clearer relationship by increasing the sampling size , which unfortunately 
is outside the remit of this 
exploratory study. 
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8.3. Experimental (Group D Fabrics). 
8.3.1. Method. 
The group C fabrics provided a range of fabrics made from yams of different linear densities produced 
by different spinning methods, but which underwent the same finishing route. In contrast the group D 
fabrics were produced from the same yam and were sampled at each stage along the finishing route 
(described in section 4.2.4). Thus although the influence of yam linear density was eliminated, the 
stitch length was found, unsurprisingly to vary slightly between the different finishing stages. 
The methods used for the measurement of drape, and fabric to fabric surface frictional properties were 
the same as described in Section 8.2.1. 
8.3.2. Results and Discussion. 
8.3.2.1. Effect of Stitch Length on Sewability. 
Aithough the variation in stitch length is relatively small, it nevertheless has a significant effect on 
sewability, Figure 8.6. The initial aqueous scouring and bleaching processing produces some 
relaxation shrinkage manifesting itself as a reduction in loop length reduction. Coupled to this physical 
effect is the loss of surface contarriinants both natural and additive which may improve the Internal 
fabric lubrication allowing better needle penetration. 
in any aqueous processing of natural fibres a balance between desired effect and chemical /physical 
damage needs to be achieved. Therefore the dyeing process will expose the fabric to elevated 
temperature and high alkalinity resulting in potential harshening of the handle due to fibrillation and 
loss of lubrication. Therefore the observed Increased sewability difficulty In stages D3/I)4 can be 
related to these aqueous processes and drying regimes. 
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Where D1= Griege, D2: =Scour, bleach, hydroextract, dry (tubular), D3= Dye (blank), hydroextract, dry (tubular), 
D4: =Hydroextract, sift, flap, dry (open width), D5= Stenter dry, edge gum (open width), D6= Compact finish (open width) 
Figum 8.6 Variation in Sewability for a Plain Single Jersey Fabric at Different Finishing Stages. 
8.3.2.2. Effect of Drape on Sewability. 
F_xamination of the drape /sewability data indicates a general overall trend of improved drape with 
aqueous processing and finishing, Figure 8.7. The effect of the aqueous processing reflects the 
complex nature of fibre/fabric processing where bulk and surface properties often interact 
synergistically or antagonistically. A feature of cotton aqueous processing, particularly for knits, is the 
potential for fibrillation, drying of the inter-fibre cross link structure and the observed resultant 
increased rigidity. Thus the reduction in drape in the D2/D3 stage maybe due to the interfibre bonding 
bid the subsequent processing breaks these cohesive bonds. 
Therefore this study highlights the difficulty in predicting final sewability performance from the drape 
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Figure 8.7 Effect of Drape on the Sewability of Group D Fabrics. 
8.3.2.3. The Effect of Fabric to Fabric Friction on Sewability. 
The effect of dynamic fabric to fabric friction on sewability is shown in figure 8.8. The calculated 
Wnrelation coefficient was very low at -0.44 showing no relationship between the two factors. However 
it can be seen that the scouring process (stage 2) increased the coefficient of dynamic friction slightly 
but decreased the sewability considerably whereas the subsequent processes increased the level of 
Sewability. The coefficient of static friction and the roughness factor followed the same trend and also 
t1ad very low correlation coefficients of 0.01 and -0.11 respectively. 
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Figure 8.8 The Effect of Dynamic Friction on Sewability. 
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The effect of aqueous processing and finishing is to impart relaWely small changes in the dynamic 
fabric to fabric friction (Figure 8.8). Only the initial scouring produces an obvious reduction in the 
sewability value and an associated improvement in the actual ease of sewing. Again the subtle 
changes in fibre/ fabric friction may not be obviously manifesting their influence in the penetrabon of a 
lubricated needle test in this group of knitted fabrics. 
8.3.2.4. Effect of Cover Factor on Sewability 
The results for the calculated Cover Factor for group C fabrics are given in Table 8.1. and shown 
graphically in Figure 8.9. The correlation factor was calculated as 0.74. which shows a positive 
relationship between increasing Cover Factor and L&M Sewability values. However there does not 
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Figure 8.9 The Relationship between Cover Factor and L&M Sewability For Group C Fabrics 
The Relationship between Cover Factor and L&M Sewability For Group D Fabrics 
The Cover Factor for group D fabrics was calculated using the formula stated in section 7.5-3. 
(Table 7.15) and shown graphically in Figure 8.10. 
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Where D1= Griege, D2: =Scour, bleach, hydroextract, dry (tubular), D3= Dye (blank), hydroextract, dry (tubular), 
D4: =Hydroextract, slit, flap, dry (open width), D5= Stenter dry, edge gum (open width), D6= Compact finish (open width) 
Figure 8.10 The Relationship between Cover Factor and L&M Sewability For Group D Fabrics 
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After the focus on FOM in the late 1970's and 1980's interest started to wane in the 1990's when the 
industry was confronted with a choice of two systems (KES-F and FAST). Both systems were 
considered by industry to be expensive and required relatively large investment by clothing companies 
(in terms of capital and human resource training). There were several attempts to offer alternative 
systems for the measurement of fabric properties mainly based on the properties of tensile, bending, 
and shear. 
The idea of a system which promotes the concept of 'right first time appeals to manufacturers who 
have seen their profit margins cut to almost nothing. However this does not offer a panacea to the 
industry but instead it requires a whole new mind set to be adopted by fabric and clothing 
manufacturers. It requires the gap between them to be closed so that clothing manufacturers are able 
to take an active part in the engineering of fabrics. 
As retailers were faced with the demand from customers to be more competitive and offer more 
product ranges within a season, the pressure on suppliers was to produce a wider range of products at 
a lower price. Therefore suppliers could no longer consider the advantages of FOM as part of the 
product development cycle as the emphasis had shifted to tracking the cheapest off-shore labour 
costs to maintain the profits margins of the retailers. In many ways this is self-defeating for the 
industry, the quality of fashion items has fallen with more customers dissatisfied with the standard of 
the product available in the shops. Customers are now increasingly aware of the manufacturing history 
of the products they buy, recently the media have exposed retailers who are sourcing products from 
third worid countries where they are made in poor conditions and where workers have no rights and 
are often reduced to the level of slaves. 
However the media do not offer altematives, the only opportunity to be more competitive is to 
automate as many of the processes as possible which is unthinkable to small fashion manufacturers. 
The cost of automation is very high and although feasibility studies can provide a fairly accurate 
estimate of pay back time for investment in new machines the risk to manufacturers is so great that 
very few are prepared to progress this strategy. 
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The greatest labour cost in the production of garments is the handling of the fabric before, during or 
after a process. It is non-productive and often takes longer than the process itself. The automatic 
handling systems available are too complex and expensive for average sized clothing companies. 
The interest in intelligent manufacturing systems is steadily growing but again the investment required 
prohibits the take up of such systems by the industry. 
The knitted fabric garment industry is often considered a poor relation to the woven garment industry 
as the unit price of the finished garment tends to be lower and is usually considered most suitable for 
casual wear. 
The most important fabric property to knitted garment manufacturers is the mass per metre of the 
fabric and is taken as an indicabon of the quality. Other properties are usually not considered until 
production problems occur. However other properties can vary considerably and can cause problems 
at varying stages of production. The manufacturer would prefer consistency of fabric properties rather 
than alterations to machine settings and the time to test out the changes to settings is a costly 
exercise. 
The main problems during the handling of fabrics are that of fabric deformation and surface interaction 
between fabric layers. The deformation is due to the tensile, bending and shear properties of the fabric 
while the surface interaction between layers of fabrics is due to the geometric profile of the fabric and 
its relative surface and directional arrangement to other layers of fabric. 
This investigation was therefore concerned with the measurement of these properties by versatile and 
simple methods for their evaluation and monitoring and their relevance to problems faced by industry. 
Accuracy and Reproducibility 
The importance of reproducible results between operators and laboratories using KES-F and FAST 
systems have been often reported, therefore any alternative systems or methods should be tested for 
reproducibility and ideally repeatability between laboratories. The work carried out In this study has 
shown that the repeatability of results within tests and between operators are comparable with the two 
other major systems. One of the problems faced in this study was the mounting and testing of samples 
with a minimum amount of handling. The initial mounting of the samples is critical and devices have 
been designed to load samples under minimal tension. To reduce the amount of handling the 
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apparatus used for the measurement of friction was designed to facilitate as many different testing 
surfaces and directions by the flipping or rotating of samples without disturbing the sample whilst held 
within a frame. 
Each of the methods developed were tested for accuracy by taking multiple measurements, and 
subsequent statistical indicated the standard deviations and the coefficients of variations were found 
to be comparable with other test methods used on the same fabric sample range. The reproducibility 
was also tested by the use of tyvo experienced operators who repeated the tests using the same 
equipment. 
Even though these tests were not directly comparable with the methods used in existing FOM systems 
they are considered to be more applicable to practical problems found in industry. The accuracy could 
be further improved by the use of a more sensitive load cell and the refinement of some of the apparati 
developed. 
Further improvements could been made to reduce the handling of fabric samples to avoid fabric 
distortion during fabric mounting. In addition another possible improvement would be to calibrate the 
methods using a reference fabric whose properties were acceptable to the clothing manufacturer and 
could use this as a standard for new batches of fabrics. This would allow the creation of a data base of 
new fabrics and would allow identification of fabrics which would have to be rejected to avoid 
manufacturing problems. 
Suitability for Industfy 
As less expensive, simple, afternative test methods, the drape and friction tests are both carried out 
using the Instron and could be carried out in-house at a reasonable cost or could be carried out in 
testing houses easily and quickly on their tensile testing equipment. 
1. Bending and Drape 
The test developed for the measurement of bending properties was not suitable for single Jersey 
fabrics which twist and distort when cut into the sample shape required for this test. However the 
method was shown to be suitable for fabrics with a more stable structure. 
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This test methodology further enhanced by a "dynamicm drape test which correlated well with the 
traditional Cusick drape test method but offered the possibility of further refinement to allow the 
analysis of anisotropic: bending by the use of different shaped samples and platforms. Again providing 
further relevancy and insight into the properties of fabrics during 'active' making up. 
2 Friction Properties 
It has been shown that the properties of fabric-to-fabric friction can be easily separated and a 
roughness factor, based on the mean deviation of the measured friction from the calculated mean for 
the dynamic friction, has been introduced. These three properties have been analysed to identify the 
contribution made by the fabric surface and direction and it was found that the highest value of friction 
and roughness for single jersey fabrics is in the course to course direction and when the backs of the 
fabric are rubbed against each other. 
In addition it is evident from all the other friction results that the highest frictional properties are in the 
course to course direction and back to back surface arrangement for this group of fabrics but further 
work on fabrics with a similar structure would need to be evaluated to confirm the findings and the 
cause. The test would probably benefit from employing calibration materials. However this could only 
be done using two non-textile surfaces to maintain consistency of results over time. 
The effect of the Cover Factor on the surface frictional properties showed that the test method 
detected differences in the types of yams used in the fabrics but was limited for the detecting the 
stages of finishing of the same fabric. 
3. Sewability 
Analysis of results for group C fabrics indicated that introducing larger stitch lengths led to lower 
sewability values (easier for needle to penetrate fabric). It can also be concluded from these studies 
that the yam structure has an effect on the sewability with carded yams having the lowest sewability 
values. The range of fabrics (group C) tested using the Instron Drape test produced only a relatively 
small data range and accordingly it was difficult to establish a definite relationship between fabric and 
sewability. The effect of fabric to fabric surface frictional properties showed an overall trend of 
increased sewability with increased values of friction. 
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The influence of different finishing stages was also investigated using the novel test systems 
developed . The stitch length of D2 fabrics but showing an increase in the sewability values probably 
due to the loss of Wetyamt fabric surface lubricants which aid needle penetration. The effect of the 
finishing process on the stitch length was clearly visible with processes D3, and D4 having neglible 
effect on. Again the results for the Instron drape test produced values within a narrow range although 
there was a trend which indicated a decrease in drape values between each subsequent finishing 
stage with the last process producing the lowest value. The effect of the Cover Factor on the 
sewability showed that the test method detected differences in the types of yams used in the fabrics 
but was limited for the detecting the stages of finishing of the same fabric. 
Suitability of Test Methods for the Control of the Finishing Process 
It has been demonstrated that these methods could be used for the accurate and reproducible 
measurement of bending/draping and fabric-to-fabric frictional properties. In addition with further 
refinements, these systems could be used as a tool for the monftoringloontrol of the finishing 
processes of fabrics to provide optimum properties for sewability. 
Therefore a more sensitive Instron load cell is required which would fulfil the original aim of this project 
which was to develop appropriate, realistic test methods related to fabric handling where no current 
systems satisfy these requirements. 
Although the test methods for drape and friction were found to be suitable for fabrics with a wide range 
of physical properties (e. g. stitch length) they were found to be of limited use for fabrics within a 
narrow range due to the lack of sensitivity of the load cell. Unfortunately it is this latter range of fabrics 
which is of concern to garment producers where any change in properties are not easily 
distinguishable by normal sensory methods and ends in costly disputes between fabric suppliers and 
users. 
To further enhance the system and its relevancy it may be necessary to modify the current sewability 
test because It does not adequately mimic for industrial conditions for the following reasons: 
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9 It is designed to measure the number of needle penetration force above a threshold value for a 
single piece of fabric. In industry the sewing operation usually involves at least two layers of fabric 
and the interaction of these surfaces may restrict the movement of fibrestyams vvithin the fabric 
structure to accommodate needle penetration; 
a The test method is designed so that the needle penetrates the fabric without the added restriction 
of pressure exerted by a presser foot that is normally found on machines in industry. 
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9.1. FUTURE WORK 
Test Methods 
The follovAng recommendations for the improvements to the analysis of fabric drape and fabrio-to- 
fabric properties on the Instron areas are: 
Drape 
" Reduce the surface contact between the fabric sample and platform by using a textured surface to 
prevent movement during testing ; 
" Re-design the inner support ring to minimise fabric handling and produce a more stable central 
pivot; 
" Use different shaped platforms and fabric samples In order to measure warp and weft, or wale to 
course which could be used as an alternative method to the Shirley Stiffness Tester and the KES- 
F bending test; 
0 Introduce a standard fabric to calibrate the method and set process boundaries; 
01 ncorporate, a more sensitive load cell to differentiate fabric; 
Friction 
* Use a more sensitive load cell; 
" Evaluate a range of lighter sleds; 
" lighter weight sled; 
" Use of a standard fabric to calibrate the method. 
Sewability 
The development of a test method based on the Instron which would reflect accurately the 
conditions of needle penetration during the sewing operation by using an Industrial feed 
mechanism and presser foot. 
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Future work 
These improved methods could be used to further study the effect of other finishing processes on 
other types of knitted and woven fabrics and could contribute towards the understanding of the sewing 
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Control Chart for KES-F System 
DIF : Difficult 
Controlled zone Non-control zone 
OF : Overfeed.,. Controlled zone L'APP: Appearanie 
DIF OF* Typical DF OF 
LT, J-) -0.5----ý-0.55-0-58 -0.6- 0.65--r-0.67- *Especially difficult in the 
cases: L T< 0.55 and RT> 73 Good APP orLT<0.55andRT <55 
comfort . DIF Cutting 
I 
DIF Control' I,, D IF OF 
FIT. M-5 15- 60 65" 68-70-73-75--ýý' 
Poor APP -J Good APP 
DIF Cutting 
D IF OF OF 
EMI, M -3 4- 4.5 5 DIF Shape - retention 
Discomfort 
DIF OF 
Discomfort- EM2,1%) 6- -10---13 
Comfort 
Special control at sewing 
Alpha - T(N EM21EMI). 1 -2 31 
Good APP 
comfort Controll ed 
DIF OF operation on the DIF OF 77- basis of fabric 
05 06 7 G, 19f. cm-Ideg'11 -j *L 
-0.7- 0.9-0.95 mechanical properties P r - Poo pp is required for Comfort conventional tailoring - ' - DIF OF , process 
2HG5, (gf-cm-1) 2.5 3- 
-. 
I -j Fa Comfort, good APP brics failing 
Poor APP 
In UU3 long arc 
20% of 
total amount of fabrics processed 
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Appendix A2 
Control Chart for FAST System 
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Mean KFS-F Results for Group D Test fabrics 
TEST PARAMETERS FABRIC NUMBER 
DI D2 D3 D4 D5 D6 
Tensile EM 3.41 0.71 1.41 1.78 2.32 Z4 
LT 0.252 0.356 0.286 0.314 0.291 0.288 
VVr(gf-crn/an2) 0.21 0.06 0.1 0.13 0.15 0.17 
RT (%) 48.68 35.28 42-83 67.08 67.18 62.83 
Bending B (gf. cm2tcm) 0.0218 0.0303 0.0298 0.0302 0.0168 0.0145 
2HB (gf. cnitcm) 0.0258 0.0382 0.0352 0.0265 0.0153 0.0142 
Shear G (gf/cm. deg) 0.46 0.75 0.71 0.57 0.49 0.52 
2HG (gf. crn) 0.98 2.86 0.71 1.47 1.32 1.39 
2HG3 (gf/cm) 1.07 3.02 Z95 1.66 1.44 1.47 
Surface MlU 0.244 0.237 0.254 0.211 0.207 0.198 
MMD 0.0259 0.0157 0.0155 0.0122 0.0146 0.0129 
SMD(micron) 4.55 3.48 3.22 2.85 2.94 4.25 
Compression LC 0.314 0.357 0.374 0.383 0.354 0.366 
WC(gf. crn/crn2) 0.27 0.3 0.316 0.307 0.314 0.178 
RC(O/o) 42.2 37.5 37 40.2 39.4 45.9 
Thickness TOM) 0.846 0.844 0.855 0.856 0.848 0.625 
Weight W(mg/cm 2) 13.79 14.59 14.83 15.8 13.97 14.4 
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Appendix C 
Friction Results for Group C Control Fabrics 
Coefficient Coefficient Rougnness 
of Static of Dynamic factor 
Friction Friction 
1.5 1.1 3.756 
1.331 0.959 3.601 
1.321 0.981 3.621 
1.417 1.083 3.199 
1.339 1.032 3.553 
1.391 1.055 3.681 
1.384 1.017 3.145 
1.307 0.944 3.602 
1.287 0.937 3.089 
1.29 0.989 3.405 
1.229 0.926 3.134 
1.361 0.994 3.715 
1.45 1.068 4.614 
1.37 0.986 3.272 
1.316 0.99 3.664 
1.296 0.984 3.864 
1.374 0.995 4.219 
1.3 0.95 3.253 
1.447 1.113 4.078 
1.339 0.965 3.333 
1.249 0.998 3.459 
1.446 1.045 3.973 
1.328 0.977 3.403 
1.261 1.006 3.806 
1.212 0.898 3.233 
1.213 0.889 3.112 
1.093 0.865 2.969 
1.346 0.984 4.133 
1.299 0.907 3.119 
1.188 0.941 2.983 
1.463 1.033 3.635 
1.379 0.985 3.704 
1.334 1.032 3.7 
0.874 0.618 2.992 
0.935 0.631 2.986 
0.853 0.616 2.867 
1.097 0.786 3.37 
1.037 0.734 3.153 
1.089 0.761 3.18 
1.068 0.726 3.645 
0.997 0.672 2.765 
1.067 0.755 3.208 
1.055 0.73 3.193 
0.987 0.676 2.994 
1.019 0.733 3.288 
187 
6bbcc 1.174 0.849 3.148 
cw 1.067 0.505 3.362 
ww 1.079 0.799 3.877 
7ff Cc 0.911 0.572 3.015 
cw 0.739 0.459 2.712 
ww 0.738 0.455 3.015 
7fbcc 0.842 0.517 3.143 
cw 0.841 0.49 2.865 
ww 0.774 0.435 2.759 
7bbcc 0.868 0.546 2.977 
cw 0.812 0.492 3.539 
ww 0.858 0.515 3.147 
8ffcc 0.632 0.321 3.054 
cw 0.717 0.334 2.648 
ww 0.521 0.28 
2.557 
8fbcc 1.541 1.172 3.572 
cw 1.509 1.073 
3.867 
VAV 1.448 1.073 3.466 
8bbcC 1.63 1.243 4.139 
1 479 1.159 3.509 cw . 
1.6 1.268 4.121 ww 
9ffcc 1.318 1.027 3.367 
1.346 1.001 3.343 cw 
1.392 1.091 3.219 ww 
9fbcC 1.671 1.277 4.324 
1.532 1.156 4.086 cw 
515 1 1.211 3.901 ww 
9bbCC 
. 
1.479 1.204 4.053 
1 484 1.386 3.963 cw . 
1 523 1.246 4.3M ww . 
I offcc 1.465 1.134 5.24 
cw 1.354 1.036 
3.58 
ww 1.363 1.099 
3.68 
1 OfbcC 1.486 1.137 3.48 
cw 1.42 1.096 
3.87 
ww 1.499 1.184 
3.92 
10bbcC 1.08 1.318 4.45 
cw 1.549 1.211 4.11 
ww 1.537 1.221 4.16 
liffcc 1.54 1.191 3.57 
cw 1.443 1.123 3.99 
ww 1.36 1.083 3.57 
11 fbCC 1.523 1.189 3.95 
cw 1.544 1.176 3.83 
ww 1.504 1.219 4.01 
11 bbCC 1.516 1.238 4.09 
cw 1.559 1.175 4.17 
ww 1.402 1.177 3.95 
lzffcc 1.213 0.914 2.84 
cw 1.245 0.928 3.16 
VAV 1.268 0.896 2.91 
188 
12fbcc 1.37 1.057 3.385 
cw 1.349 0.965 3.266 
ww 1.432 1.064 3.686 
12bbCC 1.52 1.152 4.66 
cw I A52 1.081 
3.58 
ww 1.306 1.046 
3.46 
13ffCC 1.247 0.932 2.86 
cw 1.088 0.889 
2.8 
ww 1.174 0.96 
2.95 
13focc 1.444 1.138 3.72 
cw 1.353 1.03 
3.1 
ww 1.342 1.062 
3.84 
13bbcc 1.592 1.205 4.59 




14ffCC 1.243 0.882 3.69 
cw 1.209 0.875 
2.85 
1.1 0.85 2.75 ww 
14fbcC 1.366 0.949 3.35 
1.256 0.862 3.06 cw 
1.238 0.938 3.5 ww 
14bbcc 1.47 1.075 3.808 
1.291 0.971 3.702 
cw 
1.647 0.954 3.571 
ww 
1 156 0.847 2.94 15ffcc . 
1.055 0.836 3.04 
cw 
1.066 0.845 3.07 ww 
15ft)OC 1.299 0.952 
3.61 
1.258 0.847 3.6 cw 
1.24 0.914 3.56 ww 
15bbr, c 1.357 1.006 
3.58 
1 302 0.955 3.57 cw . 
1 189 0.928 3.43 ww 
16ffcc 
. 
0.997 0.797 2.81 
0 975 0.736 2.64 cw . 
0 959 0.757 2.56 ww 
16fbr, C 
. 











17ffcc 0.999 0.736 3.03 
0.91 0.688 2.6 cw 
0.892 0.643 2.52 ww 
17fbcC 1.135 0.853 
3.218 
1.153 0.814 2.86 
cw 
1.112 0.864 3.26 
ww 
17bbcc 1.396 1.016 
3.55 
1.248 0.917 3.39 
cw 
1.231 0.956 3.65 
ww 
189 
18ffcc 1.151 0.868 3.74 
cw 1.11 0.84 3.17 
ww 1.095 0.771 2.96 
18fbcc 1.176 0.897 3.4 
cw 1.14 0.811 2.83 
ww 1.146 0.898 3.42 
18bbcC 1.283 0.965 3.25 
cw 1.252 0.934 3.38 
ww 1.23 0.96 3.02 
19ffcc 1.249 0.856 3.68 
cw 1.094 0.784 3 
ww 1.77 0.845 3.3 
19fbcc 1.259 0.917 3.88 
cw 1.206 0.832 3.3 
ww 1.308 0.933 3.28 
19bbcC 1.282 0.892 3.52 
cw 1.132 0.827 2.91 
ww 1.148 0.894 3.38 
20ffCc 0.911 0.611 2.387 
cw 0.828 0.581 2.226 
ww 0.894 0.66 2.719 
20fbcc 1.063 0.77 2.674 
cw 1.071 0.752 2.504 
ww 1.079 0.808 2.988 
20bbr-C 1.173 0.867 2.694 
1.128 0.806 2.672 cw 
1.054 0.806 2.902 ww 
21ffCc 0.945 0.66 2.849 
0.974 0.612 2.758 
cw 
0.902 0.632 2.444 ww 
21fbcc 1.136 0.902 3.247 
1 144 0.824 3.038 cw . 
1 194 0.887 3.867 ww . 
21 bbCC 1.318 0.961 3.532 
1 148 0.848 3.187 cw . 
ww 1.137 0.853 
3.127 
22ffcC 0.9 0.658 2.554 
cw 0.988 0.729 2.715 
%%W 0.895 0.615 
2.52 
22fbcC 1.191 0.82 2.978 
cw 1.116 0.822 2.75 
vvw 1.045 0.761 2.939 
22bbcc 1.219 0.892 3.63 
cw 1.15 0.835 3.214 
%%W 1.056 0.827 2.977 
23ffCC 1.108 0.835 3.531 
cw 1.008 0.744 2.979 
ww 1.053 0.741 2.956 
23fbcc 1.154 0.872 3.184 
cw 1.006 0.697 3.388 
ww 1.106 0.794 3.347 
190 
23bbcr, 1.3185 0.962 3.61 
cw 1.258 0.896 3.466 
ww 1.047 0.782 3.027 
24ffoc 0.911 0.69 2.654 
cw 0.913 0.679 2.492 
ww 0.951 0.709 2.693 
24fbcc 1.018 0.727 2.892 
cw 1.002 0.736 2.869 
ww 0.991 0.729 2,744 
24bbcc 1.259 0.935 3.055 
cw 1.266 0.827 2.716 
ww 1.108 0.876 3.337 
25ffCC 1.193 0.859 3.366 
cw 1.093 0.786 3.073 
ww 1.078 0.776 2.963 
25fbcc 1.235 0.839 3.117 
cw 1.18 0.807 3.042 
ww 1.32 0.845 3.869 
25bbcC 1.338 0.948 3.314 
cw 1.147 0.884 3.243 
ww 1.171 0.912 3.38 
26ffcc 1.013 0.722 3.024 
cw 0.923 0.676 2.657 
ww 0.998 0.681 2.641 
26ft)CC 1.174 0.836 3.268 
cw 1.06 0.729 2.177 
ww 1.078 0.804 2.892 
26bbcC 1.389 0.884 3.29 
cw 1.129 0.822 2.891 
ww 1.091 0.83 3.07 
27ffcc 0.94 0.662 2.669 
cw 0.893 0.615 2.543 
ww 0.851 0.578 2.584 
27fbcc 0.975 0.718 2.901 
cw 0.832 0.655 2.469 
ww 1.101 0.769 2.768 
27bbcc 1.132 0.815 2.803 
cw 0.966 0.747 2.745 
ww 1.004 0.788 3.3 
28ffbb 1.192 0.886 3.465 
cw 1.092 0.797 2.656 
ww 1.163 0.887 3.48 
28fbcc 1.262 0.908 3.708 
cw 1.2 
0.885 3.399 
ww 1.269 0.973 3.82 
28bbcc 1.466 1.087 3.897 
1 269 0.973 4.077 cw . 
1.259 0.993 3.507 ww 
, 29ffcc 
1.172 0.868 3.37 
1.026 0.781 3.361 
cw 
0.988 0.77 3.253 
ww 
191 
29fbr, c 1.211 0.926 3.867 
1 251 0.936 3.635 cw . 
ww 1.304 1.043 
5.079 
29bbcC 1.479 1.094 4.002 
cw 1.231 0.95 
3.599 
ww 1.351 1.003 
3.808 
30ffCc 1.219 0.88 4.22 
cw 0.981 0.768 
3.126 
ww 0.917 0.676 
3.118 
30fbr, C 1.279 0.949 3.812 
cw 1.19 0.867 
3.253 
ww 1.07 0.908 
3.752 
30bbcc 1.367 1.076 3.839 
cw 1.227 0.963 
3.68 
ww 1.184 0.934 
3.55 
31ffcc 0.924 0.711 3.108 
cw 0.923 
0.721 3.214 
0.961 0.73 2.855 ww 
31fbCc 1.337 0.994 3.853 
1.178 0.886 3.616 
cw 
1.209 0.918 3.456 
ww 1 528 1.126 4.097 31 bbcc . 
1.288 1.025 3.953 
cw 
1.307 1.058 3.95 
ww 1 216 0.919 3.53 32ffcc . 
1.056 0.802 3.215 
cw 
1.169 0.911 2.924 
ww 
1 02 0.843 3.471 32fboC . 
1.084 0.806 3.327 
cw 
1.155 0.929 3.37 
ww 
1 387 1.093 4.38 32bbcC . 
1.269 1.006 3.646 
cw 
1.138 0.958 3.43 
ww 
1 117 0.797 3.08 33ff Cc . 
1.082 0.802 3.03 
cw 




1.209 0.783 3.116 
cw 
1.135 0.855 3.349 
ww 
33bbcC 1.36 o. 
968 3.735 
1.12 0.912 3.245 
cw 
1.23 0.894 3.087 
ww 
34ffCc 1.292 0.882 
2.97 
1.081 0.768 2.863 
cw 
1.039 0.737 2.435 
ww 
153 1 0.849 3.451 34fbCC . 
1.06 0.794 2.888 
cw 




1.16 0.852 3.177 
cw 1.18 0.87 3.474 
ww 
192 
35ffcC 0.982 0.722 2.66 
cw 1.114 0.788 
3.278 
ww 1.027 0.75 
3.01 
35fboc 1.434 0.994 3.692 
cw 1.244 0.883 3.714 
ww 1.258 0.923 3.375 
35bcc 1.464 1.097 4.037 
cw 1.36 0.986 
3.774 
Ww 1.341 1.032 
3.889 
36ffcC 1.063 0.775 2.944 
cw 1.03 0.772 3.146 
ww 0.961 0.711 
2.406 
36fbcc 1.184 0.874 3.662 
cw 1.177 0.835 
3.315 
ww 1.215 0.896 
3.3 
36bbcc 0.988 0.947 3.705 
cw 1.195 0.862 
3.513 
156 1 0.862 3.159 ww . 
37ffcC 1.068 0.699 2.776 
1.013 0.691 3.057 cw 
1.002 0.726 2.639 ww 
37fbcc 1.138 0.812 
3.175 
1.022 0.739 2.937 cw 
0.952 0.698 2.76 %%W 
1 35 0.838 3.55 37bbcC . 
1.29 0.969 3.41 cw 
1.17 0.879 2.76 
ww 
0 981 0.738 2.65 38ffcc . 
0.936 0.691 2.03 cw 
0.88 0.659 2.34 mm 
38fbcc 1.054 0.782 
2.531 
1 009 0.731 2.54 cw . 
1 084 0.809 3.212 ww 
38bbcc 
. 
1.094 0.823 2.906 
cw 1.04 0.781 
3.076 
%%W 1.068 0.784 
2.98 
39ffCc 1.07 0.779 2.775 
cw 1.026 0.717 
2.934 
ww 0.92 0.693 2.57 
39fbOc 1.074 0.804 3.71 
cw 1.023 0.519 3.12 
ww 1.07 0.778 4.185 
39bbcC 1.109 0.853 3.04 
cw 1.096 0.823 2.979 
ww 0.999 0.781 2.926 
193 
